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RESUMO

O malation é um inseticida organofosforado amplamente utilizado para controle de
insetos em culturas agricolas ou do mosquito Aedes aegypt, vetor de doencas causadas
pelos virus da dengue, zica e chikungunya. A populacdo fica exposta ao inseticida
através de alimentos ou ar contaminados durante o processo de pulverizagdo. Os
periodos juvenil e peripuberal compreendem uma fase complexa do desenvolvimento
testicular e epididimario, sendo critica para obtencdo da capacidade reprodutiva. O
objetivo do presente estudo foi avaliar se a exposi¢cdo a baixas doses de malation
durante os periodos juvenil e peripuberal pode prejudicar o desenvolvimento pés-natal
testicular e epididiméario de ratos. Para isso, foram utilizados 45 ratos machos Wistar
organizados em trés grupos experimentais: dois grupos tratados com malation 10 mg/kg
(M10) ou 50 mg/kg (M50). O grupo controle recebeu apenas o veiculo (solucdo salina
0,9%). Os animais foram tratados diariamente do dia pés natal (DPN) 25 ao 65 via
gavage. No DPNG65, os ratos foram pesados, anestesiados e submetidos a eutanasia
por puncdo cardiaca. O sangue coletado foi destinado a determinacdo de nivel
plasméatico de testosterona. Os testiculos e epididimos foram retirados, pesados e
utilizados para contagem espermatica, avaliagdo de peroxidacao lipidica, avaliacdo de
parametros histolégicos, estereoldégicos ou morfométricos, bem como avaliacao de perfil
inflamatdrio através da atividade de MPO e NAG e niveis de citocinas (TNF-a , IL-1pB, IL-
6, e IL-10). Espermatozoides do ducto deferente foram utilizados para avalicdo da
morfologia e motilidade espermatica. Os pesos corporal, testicular e epididimario foram
semelhantes entre os grupos experimentais. Nos testiculos, a exposicdo ao malation 50
mg/kg levou a diminuicdo em niveis plasmaticos de testosterona e aumento em niveis
de peroxidacao lipidica comparados ao grupo controle. Além disso, animais expostos a
ambas as doses de malation apresentaram diminuicdo na contagem espermatica,
namero de células de Sertoli e de Leydig, aumento de tubulos seminiferos anormais,
alteracdo da dinadmica espermatogénica e aumento de espermatozoides anormais em
relacdo ao grupo controle. Apenas a menor dose do inseticida levou ao aumento de
niveis de IL-10 em relacdo ao grupo controle. A morfometria testicular e a avaliacdo de
migracdo de células inflamatérias permaneceu inalterada apds exposicdo ao malation.
Em relacdo aos epididimos, foi observada a presenca de anormalidades na cabeca do
o0rgdo apds exposicdo ao malation 10 ou 50 mg/kg quando comparado ao grupo
controle. As contagens espermaticas tanto na cabeca quanto na cauda epididimaria nao
diferiram do grupo controle, assim como o0s niveis de peroxidacdo lipidica. Em
contrapartida, a maior dose levou ao remodelamento do tecido epididimario, aumento de
migracdo de neutréfilos e macréfagos da cabeca do 6rgao e diminuicdo em niveis de IL-
18 na mesma regido epididimaria em relagdo ao grupo controle. Além de diminuir os
niveis de IL-1B3, a dose menor reduziu niveis de IL-6 e levou a diminuicdo da motilidade
espermatica. De acordo com os resultados obtidos, conclui-se que o malathion, mesmo
em baixas doses, afeta o desenvolvimento testicular e epididiméario de ratos juvenis e
peripuberais.

Palavras-chave: Malation. Testiculo. Epididimo. Peripuberdade. Espermatozoide.
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ABSTRACT

Malathion is an organophosphate insecticide widely used in to control insecst both in
feed crops or Aedes aegypt control, vector of diseases causes by dengue, zyka and
chikungunya virus. Population is exposed to insecticide through contaminated food or
air during spraying process. The juvenile and peripubertal periods represents a
period of complex testicular and epididymal development, being critical to reaching
reproductive capability. The aim of the present study was to evaluate whether
exposure to low doses of malation during juvenile and peripubertal periods may
impair the testicular and epididymal postnatal development in rats. For this, fourty-
five male Wistar rats were used and organized in three experimental groups: two
malathion-treated groups at doses of 10mg/kg (M10) or 50 mg/kg (M50). The control
group received only vehicle (saline 0.9%). The animals were daily treated from
postnatal day (PND) 25 to 65 per oral gavage. On PNDG65, rats were weighed,
anesthetized and euthanized by cardiac puncture. The blood was collected for
determination of plasma testosterone concentrations. Testis and epididymis were
removed, wheighed and user for sperm count, oxidative stress status assay,
evaluation of histological, stereological or morphometric parameters, as well as
inflammatory profile through MPO and NAG activity and cytokine levels (IL-18, IL-6,
TNF-a and IL-10). Sperm from vas deferens were subjected to sperm morphology
and motility. The weight of body, testis and epididymis were similar between
experimental groups. In testis, the malathion 50 mg/kg exposure led to a reduction in
plasma testosterone concentration and increase in lipid peroxidation levels when
compared to control group. Furthermore, the animals exposed to both malathion
doses showed decrease in sperm count, Sertoli and Leydig cells number, increase in
abnormal seminiferous tubules, altered spermatogenesis kinects and an increase in
abnormal sperm in relation to control group. Only lower insectice dose lad to increase
in IL-10 level in relation to control group. The testicular morphometry and evaluation
of inflammatory cells migration remainted unaltered after malathion exposure. In
relation to epididymis, it was observed the presence of abnormalities in caput
epididymis after malathion exposure 10 or 50 mg/kg compared to control group. The
sperm count both in caput or cauda epididymis and lipid peroxidation levels did not
differ from control group. On the other hand, the higher dose lead to epididymal
tissue remodeling, increase in neutrophil and macrophage migration in caput
epididymis and decrease in IL-1f3 levels on the same epididymal region in relation to
control group. Besides decrease the IL-1f3 levels, the lower dose also reduced IL-6
levels and lead to decrease in sperm motility. According to these results, we
concluded that malathion, even in low doses, affects the testicular and epididymal
development of juvenils and peripubertal rats.

Keywords: Malathion. Testis. Epididymis. Peripuberty. Spermatozoa.
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1 INTRODUCAO

1.1 SISTEMA GENITAL MASCULINO

O sistema genital masculino, tanto de humanos (Figura 1a) quando de
roedores (Figura 1b), é composto por testiculos, epididimos, ductos deferentes,
pénis e pelas glandulas sexuais acessoérias: prostata, vesicula seminal e

bulbouretrais.

Préstata

Gléndula
Bulbouretral

A ', Corpo do epididimo
@

Pitéso seminifero Cauda do epididimo

Testiculo

Figura 1. Aspecto macroscépico do sistema genital masculino humano e de
rato. a. Anatomia do sistema genital masculino (adaptado de Drabovich et al., 2014).
b. Anatomia do sistema genital de rato macho: A — Testiculo; B — Cabeca de
epididimo; C — Cauda de epididimo; D — Ducto deferente; E — Préstata; F — Vesicula
seminal (PEROBELLI, 2012) c. Corte transversal de testiculo e epididimo,
apresentando a localizacdo dos tubulos seminiferos e ducto epididimério (adaptado
de Lagarrigue et al., 2011).

Os testiculos sédo 6rgaos pares localizados no interior do escroto, revestidos
por uma capsula de tecido conjuntivo denso — a tunica albuginea. Externamente a
essa tunica, encontra-se uma camada de peritonio visceral, a tunica vaginal, que
também reveste a superficie interior da bolsa escrotal (KOMAREK, 2000).
Morfologicamente, os testiculos sdo compostos por tubulos seminiferos e tecido
intersticial (Figura 1c), responsaveis pela espermatogénese e esteroidogénese,
respectivamente (RODRIGUEZ; FAVARETTO, 1999).

Em humanos, a tunica albuginea é espessada na superficie dorsal dos
testiculos formando o mediastino, do qual partem septos fibrosos. Essa septacéo

organiza o testiculo de humanos em I6bulos testiculares que compartimentalizam os
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tubulos seminiferos (Figura 1c). No rato adulto, cada testiculo apresenta em média
20 tdbulos seminiferos, uma quantidade escassa de tecido conjuntivo e ndo estédo
organizados em l6bulos. Na porcéo final de cada tabulo seminifero, observa-se um
epitélio de transicdo, onde os tubulos sdo denominados tubulos retos, os quais
conectam os tubulos seminiferos a uma rede de canais anastomosados,
denominada rede testicular (FOLEY, 2001). Em animais adultos, os tubulos
seminiferos sdo constituidos por um epitélio germinativo, composto por células
somaticas de Sertoli e células da linhagem germinativa (espermatogénias,
espermatoécitos primarios, secundarios e espermatides), as quais estdo organizadas

em camadas concéntricas (Figura 2).

- Espaco Intersticial
— Célula de Leydig
Reticulo Membrana Basal /
0

Q

Endoplasmatico
Liso

Célula Midtica ‘ / D
Reticulo
Endoplasmatico % Espermatogénia B _./O
Rugoso N Espermamgonla A
i Espermatdécito
Primério O Esperma\éci(o O
\ iyl - Secundirio poclsg
(el \/ <

o da Céluka

3 (0%
;:.’\ Corpos de Sertoli
O o S Residuais : = Espermande
/D SR YN O @
Tk i\ ) & \
TN I «f fon Qa 2 e)
& -4 O () Q \ _/
\& /
) ZM :E tozoid S 8
& o /) J spermatozoides ‘\\/0 &

Mitocondria

Limem Lis0somOsc4),y15 de Sertoli

Figura 2. Representacdo de tubulo seminifero e espago intersticial. A figura
demonstra a localizacdo das células somaticas (células de Leydig, células de Sertoli
e células mioides) e células de linhagem germinativa (espermatogoénias,
espermatocitos, espermatides e espermatozoides) presentes no tubulo seminifero.
Diferenciacdo das células germinativas até a formacdo do espermatozoide
(adaptado de Rato et al. (2012).

O intersticio testicular € composto por tecido conjuntivo, vasos sanguineos,
linfaticos, nervos, macréfagos residentes e células de Leydig, responsaveis pela
producdo de andrdogenos, substrato para uma variedade de outros hormdnios
esteroides, como a testosterona (RUSSEL, 1990). As células de Leydig possuem
reticulo endoplasmatico liso e mitocondrias com enzimas que estdo associadas a
sintese de esteroides, o citoplasma é eosinofilico e o nucleo € arredondado ou
alongado e essas células sdo as responsaveis pela producdo de testosterona
(HODGSON; HUDSON, 1983; MORI; CHRISTENSEN, 1980). A testosterona é
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produzida quando o horménio luteinizante (LH) se liga aos receptores na membrana
plasmatica da célula de Leydig (LHR), estimulando a sintese de uma proteina
reguladora esteroidogénica (StAR), que iniciara uma cascata de eventos, no qual o
colesterol serd convertido em pregnenolona nas mitocondrias e em seguida, sera
transferida para o reticulo endoplasmatico liso onde ocorrera a conversdo de
pregnenolona em testosterona (ZIRKIN; CHEN, 2000). Na puberdade a testosterona
é responsavel pelo aparecimento das caracteristicas sexuais secundérias e por sua
manutencdo (RICHMOND; ROGOL, 2007). Em adultos a testosterona é responsavel
pela manutencdo da barreira hemato-testicular (BHT) e pela estimulacdo da
espermatogénese e a espermiogénese (MRUK; CHENG, 2015).

A célula de Sertoli € uma célula somatica presente nos tubulos seminiferos
que se estende desde a lamina basal até a luz. Possui funcbes variadas que séo
importantes no processo espermatogénico (FOLEY, 2001). As células de Sertoli
formam a membrana basal que serve de suporte para ela (DYM, 1994). Dentre as
principais funcdes das células de Sertoli, destaca-se o apoio estrutural para as
células da linhagem germinativa e a formacéo da BHT através de juncdes oclusivas.
Essas oclusdes organizam o epitélio em ambiente basal (onde localizam-se as
espermatogbnias e os espermatdcitos | em pré-leptéteno) e o ambiente adluminal
(onde localizam-se o0s espermatocitos | em zigéteno, espermatoécitos Il e
espermatides em diferentes estagios de diferenciacdo). O ambiente adluminal
proporciona um meio isolado do sistema imunolégico, sendo de extrema
importancia para que o processo da espermatogénese ocorra de forma correta
(FRANCA et al., 2016).

Aléem disso as células de Sertoli sdo responsaveis pelo fornecimento de
energia, secregdo de nutrientes (aminoacidos, carboidratos, lipidios, vitaminas e ions
metalicos), fatores de crescimento (fator de células-tronco, fatores de crescimento
transformadores alfa e beta (TGF-a e TGF-B)), fator de crescimento semelhante a
insulina-l (IGF-I), fator de crescimento de fibroblastos (FGF) e fator de crescimento
epidérmico (EGF)) (MRUK; CHENG, 2004) e fatores necessarios para o
metabolismo das células germinativas (lactato, transferina e proteina de ligacdo a
andrégenos) (SKINNER; ANWAY, 2005). Também estdo envolvidos na transducéo
dos sinais provenientes do horménio foliculo estimulante (FSH) e da testosterona em

fatores que sao essenciais para espermatogénese (WALKER; CHENG, 2005),
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exercem participacdo ativa no processo de espermiacdo, fazem a fagocitose dos
corpos residuais, secretaram fluidos para o limem do tabulo para facilitar a migracao
dos espermatozoides para o epididimo e secretam horménios importantes para a
espermatogénese (FOLEY, 2001; GRISWOLD, 1998). Dessa forma, alteracdes no
namero, estrutura e funcdo deste tipo celular podem resultar no comprometimento
da espermatogénese (BOEKELHEID; JOHNSON; RICHBURG, 2005).

O processo espermatogénico é dividido em trés fases: proliferativa, meittica e
espermiogénica (CLERMONT, 1972; RUSSEL, 1990). A fase proliferativa ou mitética
caracteriza-se pela proliferacéo de células tronco espermatogoniais com a finalidade
de aumentar a populacdo desse tipo celular (espermatogoénias tipo A). Partes destas
espermatogbnias, as espermatogonias tipo B, ligadas entre si por pontes
citoplasmaticas, diferenciam-se e formam os espermatécitos primarios (AMANN,
1986; RUSSEL, 1990). Na fase meiotica, os espermatdcitos primarios (diploides)
sofrem meiose | originando os espermatocitos secundarios (haploides), que por sua
vez sofrem meiose Il formando espermatides arredondadas (haploides). As
espermatides arredondadas passam por um processo de citodiferenciacéo
denominado espermiogénese, no qual ocorre condensacdo do material genético,
formacdo do acrossoma, reposicionamento das mitocéndrias, perda de citoplasma e
formacdo do flagelo, originando espermétides tardias, que permanecem presas ao
epitélio germinativo. Uma vez liberadas na luz dos tdbulos seminiferos, as
esperméatides tardias passam a ser denominados espermatozoides (CLERMONT,
1972).

A duracéo total da espermatogénese em mamiferos, baseada em 4,5 ciclos
espermatogénicos, € de aproximadamente 30 a 75 dias (SHARPE, 1993), sendo
geralmente constante dentro de cada espécie (FRANCA; AVELAR; ALMEIDA,
2005). Cada geracédo de células germinativas se encontra em um mesmo estagio de
desenvolvimento, sendo produzidas aproximadamente ao mesmo tempo e de
maneira sincronizada. As varias geracdes destas células formam associacbes
celulares de composicao fixa, denominadas estagios do ciclo da espermatogénese.
No rato, o numero de estagios da espermatogénese sao 14 (Figura 3), mas este
namero varia de acordo com a espécie (CLERMONT, 1972). Para que a
espermatogénese ocorra de forma correta sdo necessarias interagcdes entre as

células da linhagem germinativa e 0os componentes somaticos do testiculo, sendo
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que, uma alteracdo em qualquer fase da espermatogénese pode levar a interrupgao
do funcionamento correto do tecido e culminar na infertilidade (AMORY; BREMNER,
2001).
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Figura 3. Ciclo do epitélio seminifero da espermatogénese. (A) Cada fase do
ciclo do epitélio seminifero ilustra a associacdo Unica de células germinativas
especificas com a célula de Sertoli (ponta de seta vermelha). (B) Mostra os
diferentes tipos de células germinativas que sao encontrados em cada fase do ciclo.
Por exemplo, na fase VIII, com duracdo de aproximadamente 29,1 horas no rato,
esperméatides 19 alinham-se proximo ao limen tubular para a espermiacdo. Todo o
ciclo de | a XIV leva aproximadamente 12,9 dias para se completar. Porém, para que
uma espermatogobnia A tipo Il se torne uma espermatide 19, sdo necessarios cerca
de 4,5 ciclos, o que leva por volta de 58 dias (adaptado de Xiao et al. (2014).

7

O processo de espermatogénese € diretamente regulado pelo eixo
hipotalamico-hipofisario-gonadal e inicia-se a partir da puberdade. A hipofise, por
influéncia hipotalamica, secreta dois hormonios sexuais que exercem o controle da
funcéo testicular, o LH e o FSH (RUSSEL, 1990). O FSH atua sobre as células de
Sertoli, estimulando suas funcbes sobre a espermatogénese, e o LH sobre as
células de Leydig, estimulando a producdo de andrégenos, principalmente a
testosterona (Figura 4) (CHRISTENSEN; MASON, 1965; LIPSETT, 1976). Em
roedores pré-puberes, tanto a testosterona quanto o FSH podem aumentar o
namero de células de Sertoli, sendo este ultimo mais efetivo (SMITH; WALKER,
2015). Em ratos, o FSH apresenta atuacdo especifica sobre o estagio inicial de
desenvolvimento espermatogonial (MEACHEM; MCLACHLAN, 1999), enquanto a
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testosterona regula principalmente a espermiogénese (KERR et al.,, 1992). Estes
horménios atuam em cooperacdo nos demais estagios da espermatogénese,
estimulando o inicio do processo meidtico e promovendo o desenvolvimento de
espermatécitos e a producdo de espermatides arredondadas (KERR et al., 1992)
(Figura 3).
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Figura 4. Acdo dos horménios LH e FSH nos testiculos. LH- Horménio
Luteinizante; FSH- Horménio Foliculo estimulante; GnRH- Horménio liberador de
gonadotrofina. Fonte: Rafaela Pires Erthal.

Nos testiculos, os tubulos seminiferos se convergem e formam a rede
testicular, a qual tem continuidade com os ductulos eferentes. Por sua vez, tais
ductulos convergem para formar um ducto Unico e altamente enovelado, o
epididimo, que vai se ligar através de sua porcao terminal ao ducto deferente. O
comprimento do ducto epididimario varia de acordo com a espécie, sendo 3 metros
em ratos e aproximadamente 6 metros no homem (ROBAIRE et al., 2006).

Em roedores, este orgao é dividido em segmento inicial, cabeca, corpo e
cauda (ROBAIRE; HINTON, 2015). Utllizando os mesmos critérios, o epididimo
humano é dividido em apenas trés regides, denominadas cabeca, corpo e cauda. A
auséncia de segmento inicial se deve ao fato da maior parte da cabeca do epididimo

humano ser constituida por ductos eferentes (TURNER, 2008). Estas por¢fes sao
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histologicamente subdivididas em zonas, sendo: 1A, 1B, 2A, 2B, 3A e 3B para a
regido da cabeca; 4A e 4B para a regido do corpo; 5A, 5B, 6A e 6B para a regido da
cauda (MILLER; KILLIAN, 1987). As zonas sdo designadas de acordo com a altura
do epitélio e distribuicdo e quantidade dos seus seis tipos de células (CLELAND,
1957) os quais sao: basais, principais, estreitas, halo, claras e apicais (HERMO;
ROBAIRE, 2002).

Ao deixarem os testiculos, os espermatozoides sdo morfologicamente
completos mas ainda ndo exibem atividade movel e sdo incapazes de fecundar um
ovocito 1l (DACHEUX; DACHEUX, 2014). Dessa maneira, além do transporte de
espermatozoides, o epididimo tem papel crucial sobre a maturacdo espermatica,
regulando o desenvolvimento da motilidade, da capacidade de sofrer reacao
acrossomica e de reconhecer e fundir-se com o ovocito, além de ser o local onde
ocorrem importantes modificacbes da membrana plasméatica dos espermatozoides.
Em adicdo, o epididimo protege os espermatozoides de espécies reativas de
oxigénio (ERO) e estoca os gametas maduros na regiao da cauda (COSENTINO et
al., 1985; HERMO; ROBAIRE, 2002; ROBAIRE et al., 2006).

Estas funcbes séo executadas dentro dos diferentes ambientes luminais
presentes ao longo do ducto epididimario (RODRIGUEZ; KIRBY; HINTON, 2002). A
maturacdo espermatica no ducto epididimario parece depender de uma interacao
altamente regulada entre a lamina propria, células epiteliais e fluido luminal que
banha os espermatozoides (BEDFORD, 1975; KEMPINAS; KLINEFELTER, 2010;
ORGEBIN-CRIST et al., 1975). Este processo consiste em um intenso
remodelamento da membrana do espermatozoide, em que proteinas de origem
testicular sdo removidas ou modificadas e proteinas epididimarias sdo secretadas e
adsorvidas a membrana espermatica ou apenas interagem com o gameta, a fim de
que este adquira sua capacidade funcional (BARRIOS, 2005; CUASNICU et al.,
2002; DA ROS et al., 2004). Cada etapa da maturacdo € decisiva para a qualidade
espermatica e ndo estd sob o controle genémico das células germinativas
(DACHEUX et al.,, 2005; ROBERTS, 1995). O microambiente intraluminal do
epididimo é altamente regulado pela atividade secretora e absortiva das células
epiteliais (ROBAIRE; HINTON; ORGEBIN-CRIST, 2006). O processo de maturacéo
do epididimo é dependente da acao de androgenos (EZER; ROBAIRE, 2002).
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O ducto deferente € um 6rgdo par que liga o epididimo a uretra prostética.
Apesar de ter sido por muito tempo considerado um simples condutor dos
espermatozoides no momento da ejaculacdo, estudos posteriores tém mostrado
importantes funcdes do epitélio do ducto em relacdo aos espermatozoides, como
término do processo de maturacdo espermatica (KOMAREK, 2000). O ducto
deferente se insere na préstata e se abre na uretra prostatica. O segmento que entra
na prostata € chamado de ducto ejaculatorio, cuja mucosa € semelhante a do ducto
deferente, porém néo € envolta por musculo liso (JUNQUEIRA; CARNEIRO, 2005).

Em roedores, as glandulas sexuais sédo a glandula seminal, préstata, glandula
coaguladora, glandula bulbouretral e glandula prepucial. Elas estdo localizadas ao
longo do trajeto que o0s espermatozoides fazem pela uretra, ou seja, do ducto
deferente ao pénis (HASCHEK; ROUSSEAUX, 1998). As funcbes das glandulas
sexuais acessorias estdo principalmente relacionadas a producdo de secrecdes, que
contribuem para a nutricdo e suporte dos espermatozoides pos-ejaculacéo, ou seja,
fora do sistema genital masculino. Estas funcées dependem da acédo de andrégenos
e por isso refletem mudancas do estado enddcrino e/ou da funcdo testicular
(CLEGG; PERREAULT; KLINEFELTER, 2001; MANN, 1974).

Nos mamiferos, o sémen é depositado diretamente no trato genital feminino
pelo 6rgao copulador, o pénis. O corpo do pénis do rato é formado por dois corpos
cavernosos penianos e um corpo cavernoso uretral, ou seja, dois ramos do pénis,
um corpo esponjoso e a uretra (CHIASSON, 1988). Histologicamente, o corpo
cavernoso € constituido por tecido erétil com auréolas calibrosas, revestidas por uma
espessa camada de tecido conjuntivo denso, a tunica albuginea (MURAKAMI;
MIZUNO, 1986). Além disso, 0 pénis do rato apresenta um 0sso peniano localizado
centralmente na glande. Este 0sso inicia-se na transicdo do corpo para a glande,
como uma continuacéo do corpo cavernoso do pénis (HEBEL; STROMBERG, 1976).

No homem, o pénis € composto por trés colunas de tecido erétil, sendo duas
colunas chamadas de corpos cavernosos, localizadas dorsalmente e uma coluna
chamada de corpo esponjoso, localizada ventralmente e onde esta inserida a por¢ao
peniana da uretra. Cada qual estd contida dentro de uma capsula de tecido
conjuntivo fibroso, a tlnica albuginea. A regido distal do corpo esponjoso termina em
uma porcdo bulbosa dilatada, a glande do pénis, que é perfurada em sua
extremidade formando o 0Ostio da uretra (GARTNER; HIATT, 2007). Quando chegam
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na uretra, 0s espermatozoides ja estdo envoltos por liquido seminal, denominado de
sémen.

Em mamiferos o sémen é depositado dentro do Iimen vaginal devido a
resposta do arco reflexo que leva a estimulagdo sensorial do pénis, seguida de
estimulacdo motora simpética do musculo liso do sistema genital masculino e
estimulacdo motora soméatica da musculatura associada a musculatura tubular do
sistema genital masculino (STEERS, 1994).

1.2 DESENVOLVIMENTO POS-NATAL DO SISTEMA GENITAL MASCULINO DE RATOS

ApOs o0 nascimento, o periodo de desenvolvimento do rato pode ser
classificado em quatro fases: neonatal (dia pés-natal — DPN 1 — 7), infantil (DPN 8-
21), juvenil (DPN 22-35) e peripuberal (DPN 36 — 55 ou 65). O animal é considerado
adulto quando atinge sua maturidade sexual (OJEDA et al., 1980). Todas as fases
sao reguladas por mecanismos relacionados com estados hormonais e genéticos do
organismo (DAMGAARD et al., 2002).

A producéo de testosterona inicia durante o final da gestagcdo com posterior
diminuicdo logo ao nascimento. Durante a fase infantil e juvenil de ratos (DPN 8-35)
sdo produzidos os andrégenos primarios, incluindo androstenediona, 5-a-
androstanediol e diidrotestosterona (PODESTA; RIVAROLA; JYUJO, 1974). Entre os
dias 28 e 56 pds-natal, as células de Leydig imaturas se dividem e diferenciam-se
em células de Leydig adultas, com pouca ou ausente atividade mitética, alta sintese
de testosterona, aumento em numero de receptores para LH e diminuicdo no
namero de receptores para androgenos (BENTON; SHAN; HARDY, 1995). Além
disso, as células epididimarias “narrow” e colunares em ratos passardo por um
periodo de diferenciacdo entre DPN 16 e 44, seguido por um periodo de expansao
(SUN; FLICKINGER, 1979). Esse periodo corresponde ao intervalo em que ocorrera
o primeiro grande aumento de peso epididimario, entre os DPN 49 e 63 (SCHEER,;
ROBAIRE, 1980).

Na fase da puberdade, ocorrem eventos dinamicos e complexos do
desenvolvimento sexual, que envolvem mudancas fisicas, comportamentais e
hormonais, através das quais a maturacdo sexual final ocorre e a capacidade

reprodutiva é obtida (GOLUB et al., 2008). Essas mudancas sao estabelecidas
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devido a ocorréncia de uma cascata de eventos que levam a maturacdo do eixo
hipotalamico-hipofisario-gonadal. Com o aumento da pulsatilidade do horménio
liberador de gonadotrofinas (GnRH) e aumento de sintese e secrecao de LH e FSH,
ocorre a mudanca no perfil hormonal caracteristica da puberdade, levando a sintese
e secrecdo de esteroides (testosterona). A partir dessas mudancgas, tem-se o inicio
do ciclo reprodutivo da espécie (OJEDA; URBANSKI, 1994). Biologicamente, a
puberdade é definida como o tempo em que a primeira espermatogénese completa
todo o ciclo (KLINEFELTER et al., 1997).

Na fase peripuberal ocorrem importantes eventos, como a leve reducdo na
proliferacdo e desenvolvimento das células germinativas, aumento nos niveis de
testosterona e proliferacdo de células de Sertoli em humanos (O'SHAUGHNESSY,
2015; SHARPE, 2010). No entanto, esta fase tem sido relativamente pouco
estudada (PEROBELLI, 2014).

As primeiras espermatides maduras em testiculo de ratos sdo encontradas no
DPN 40, enquanto que nos epididimos os espermatozoides sdo observados apenas
no DPN 50. Com base nestes relatos, o rato macho pode atingir a puberdade por
volta de 50 dias de idade (ROBB; AMANN; KILLIAN, 1978).

Ratos com 75 dias de idade apresentam a méaxima producdo de
espermatozoides no testiculo e aos 100 dias, a maxima concentracdo de
espermatozoides armazenados na cauda do epididimo, atingindo neste periodo a
maturidade sexual plena (ROBB; AMANN; KILLIAN, 1978; ZANATO et al., 1994).

Como a espermatogénese e a esteroidogénese ainda nao estdo totalmente
estabelecidas durante a peripuberdade, esta pode ser uma fase critica do
desenvolvimento reprodutivo (JOHNSON; WELSH; WILKER, 1997). A exposicao a
quimicos durante o periodo peripuberal pode resultar em consequéncias visiveis
mesmo durante a puberdade, como efeitos sobre o crescimento, ou durante a vida
adulta tardia, como efeitos sobre o comportamento e riscos de cancer (MANTOVANI;
FUCIC, 2014).

Tais efeitos estdo frequentemente associados com desreguladores
enddcrinos, 0s quais interferem na programacdo do desenvolvimento. Dessa
maneira, exposicao a tais substancias durante periodos criticos do desenvolvimento
(gestacéo, lactacéo e peripuberdade) pode causar prejuizos e comprometer a saude

reprodutiva do individuo na vida adulta.
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1.3 SISTEMA GENITAL MASCULINO E INFLAMAGAO

A inflamacg&o € uma resposta natural do organismo a uma variedade de danos
teciduais, incluindo aqueles mediados por patdégenos, substancias irritantes,
disfuncéo celular e trauma fisico. Esta resposta envolve a acdo de mudltiplos tipos
celulares, residentes e recrutados. Como consequéncia desse processo, o local
afetado sofre modificagcbes morfofisioldgicas, resultantes das alteracbes na perfuséo
vascular, na permeabilidade e na producdo de mediadores locais de inflamacéo, os
quais irdo promover o influxo de células imunes. Quando a resposta inflamatéria é
bem sucedida, resulta na resolugdo do dano inicial e seguinte restauracdo da
homeostase tecidual (KARALIS et al., 2009).

Durante o inicio da maturidade sexual, ocorre uma transformacéo do testiculo
e muitos autoantigenos testiculares parecem nao estar completamente protegidos do
sistema imune. As células da linhagem espermatogénica sdo grandes imunogenos,
0 que € evidenciado pela alta incidéncia de anticorpos supressores de
espermatozoides em um a cada 200 homens no mundo (BAKER et al., 1983; LENZI
et al., 1997). Na maioria dos casos, a fuga de espermatozoides do trato reprodutor
ocorre devido a ma formacdes congénitas, traumas fisicos, inflamacdes relacionadas
a infeccbes ou intervengbes cirdrgicas levam a formagcdo de anticorpos anti-
espermatozoides (LINNET, 1983; TUNG, 1987). Como os autoantigenos testiculares
e espermaticos apresentam grande sensibilidade aos ataques imunoldgicos, o
sistema genital masculino proporciona um ambiente imunolégico Unico para o
espermatozoide. Dessa maneira, as respostas imunes no microambiente testicular
induzem a supressao das respostas mediadas por células antigeno especificas,
favorecendo a tolerancia imunolégica (HEDGER, 2012). Além disso, a BHT contribui
para a reducdo da atividade imunoldgica contra células da linhagem
espermatogénica no compartimento adluminal. A ruptura dessa barreira € critica
para o inicio de orquite autoimune e para a infertilidade (ITOH et al., 2005; KOHNO
et al., 1983; MENG et al., 2011; YULE; TUNG, 1993).

A literatura mostra que infec¢des sistémicas podem ter efeitos inibitérios
sobre a funcdo do trato genital masculino. De maneira indireta, mediadores

inflamatdrios como interleucina-13 (IL-1), oxido nitrico (NO), fator de necrose
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tumoral (TNF) e ainda, EROs podem afetar o eixo hipotalamico-hipofisario-testicular
e reduzirem a producdo de horménios androgénicos (HEDGER, 2011). Durante
infeccbes, uma das vias que desencadeia a inflamacdo e a ativagao
do sistema imune € o0 reconhecimento de padrdes moleculares associados a
patogenos (PAMPs), os quais estdo presentes em bactérias, virus, fungos e
protozoarios. Este reconhecimento € mediado por receptores especificos, sendo os
receptores do tipo Toll (TLR) os melhores caracterizados. Os TLRs s&o encontrados
principalmente em células mieloides (mondcitos, macrofagos, células dendriticas),
mas também sdo expressos por células epiteliais como as células de Sertoli
testiculares e células do epitélio epididimario (HEDGER, 2011; KAWAI; AKIRA,
2010)

No testiculo normal, as células imunes sédo encontradas exclusivamente no
tecido intersticial, zona peritubular e capsula testicular. Dentre essas células,
encontram-se macrofagos residentes, células dendriticas e linfocitos circulantes,
com presenca variavel de mastdcitos e eosindfilos, dependendo da espécie (ANTON
et al., 1998; WANG et al., 1994)

Sabe-se que a maioria dos macréfagos residentes no testiculo possuem
atividade pré-inflamatéria reduzida, produzindo preferencialmente citocinas
imunossupressoras (TGF-B e IL-10) e expressando marcadores de superficie
compativeis com o fendtipo alternativamente ativado ou M2 (BRYNIARSKI et al.,
2004; MARESZ et al.,, 2008) Esses macréfagos exercem importante papel na
regulacdo das respostas aos antigenos no ambiente testicular, juntamente com os
linfécitos T reguladores (Treg), também presentes em quantidade significativa neste
orgao (HEDGER, 2011a). A regulacdo do recrutamento e manutencdo de
macrofagos testiculares € controlada por células de Leydig, de maneira
independente de testosterona (DUCKETT et al., 1997; MEINHARDT et al., 1998;
RABURN et al., 1993).

A literatura tem apresentado também o papel imunomediador das células de
Sertoli em controlar a imunidade testicular. Dentre eles, estdo a producao de
proteinas imunorregulatdrias como inibidoras do complemento e da atividade de
granzima B (LEE et al, 2007; O'BRYAN et al., 1990; SIPIONE et al., 2006);
moléculas inibidoras de linfocitos, como ligantes de Fas (CD95L) (BELLGRAU et al.,
1996; SANBERG et al., 1997); o receptor co-inibitério B7-H1 (DAL SECCO et al.,
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2008) e citocinas imunorregulatéria como TGF- B e activina A (OKUMA, 2005;
SKINNER; MOSES, 1989; SUAREZ-PINZON et al., 2000).

Em geral, o epididimo aparenta ser mais susceptivel a inflamacdo e
autoimunidade do que o testiculo (HEDGER, 2011). Ao contrario do que se observa
no testiculo, macrofagos e linfocitos sédo frequentemente observados tanto no
epitélio quanto no tecido intersticial epididimario, sendo nomeados em cortes
histologicos como células halo (FLICKINGER et al., 1997; SERRE; ROBAIRE, 1999).
Em relacdo as regides epididimarias, € observado maior numero de células
dendriticas, macréfagos e células T nas regifes proximais do que nas regiées mais
distais do epididimo (DA SILVA et al., 2011; FLICKINGER et al., 1997; NASHAN et
al., 1989). Recentemente, tem-se estudado a enzima imunorregulatéria indoleamina
2,3-dioxigenase (IDO), a qual esta expressa em alta concentracdo na cabeca do
epididimo. Foi demonstrado que animais knockout para o gene desta enzima
apresentaram maior expressdo de citocinas proé-inflamatérias nessa regido
epididiméria (BRITAN et al., 2006; JRAD-LAMINE et al., 2011).

Os linfécitos intraepiteliais presentes no epididimo de ratos, camundongos e
humanos sdo predominantemente células T CD8*. A literatura conclui que o
aumento no numero destes linfécitos pode estar relacionado com disturbios
espermaticos (SERRE; ROBAIRE, 1999). Além disso, € descrito que macréfagos
presentes no interior do ducto epididimario possuem funcdo de fagocitar
espermatozoides malformados ou senescentes (HEDGER, 2011; ROBAIRE;
HINTON; ORGEBIN-CRIST, 2006).

As citocinas e células do sistema imune possuem importante papel fisiol6gico
no sistema genital masculino, mantendo essa homeostase dos tecidos (FRACZEK;
KURPISZ, 2015). TNF-a é secretado por mondcitos € macréfagos e desempenha
um papel central no inicio da resposta inflamatéria estimulando a liberacdo de IL-6
por macréfagos e mondcitos (HALES; DIEMER; HALES, 1999). Em situacdo de
homeostase testicular, TNF-a € expresso por espermatocitos e espermatides
arredondadas, controlando o processo espermatogénico e inibindo a apoptose das
células germinativas através do bloqueio da acdo do FasL em células de Sertoli
(BIALAS et al., 2009; HALES; DIEMER; HALES, 1999; HEDGER; MEINHARDT,
2003). Em contraste, no ambiente inflamatorio testicular o aumento de TNF-a esta

relacionado ao aumento da apoptose devido a sua ligagdo ao receptor TNFR1 em
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células germinativas (PEREZ et al., 2013b). Além disso, o TNF-a também pode levar
a alteracdes na BHT e consequentemente, induzir a perda de células germinativas
(ZHANG et al., 2015). Esta citocina ainda pode ter funcdo autocrina sobre as células
de Leydig uma vez que estas células também liberam TNF-q, interferindo na
esteroidogésese (BIALAS et al., 2009; HEDGER; MEINHARDT, 2003). Além disso,
estudo in vitro mostrou que o aumento de niveis de MDA, um biomarcador de
peroxidagdo lipidica, em espermatozoides estd associado com o aumento de
citocinas IL-1B ou TNF-a (MARTINEZ; PROVERBIO; CAMEJO, 2007).

Em testiculos, a IL-6 € liberada por macréfagos intersticiais, células de Leydig,
células de Sertoli, células germinativas e espermatozoides (POTASHNIK et al.,
2005). Esta interleucina parece ter um papel importante no desenvolvimento,
crescimento, proliferacdo e diferenciacdo do testiculo além de apresentar acao
autocrina/paracrina  na regulacdo da espermatogénese e esteroidogénese
(POTASHNIK et al., 2005; RIVAL et al., 2006). Durante a inflamacéo a producéo de
IL-6 € aumentada devido a infiltracdo de células inflamatérias no testiculo, e assim
como o TNF- a, este aumento esta associado a perdas de células germinativas no
epitélio seminifero devido ao rompimento da BHT (PEREZ et al., 2013a).

A IL-10 é uma das mais importantes citocinas anti-inflamatorias do sistema
imunitario dos mamiferos (BIALAS et al., 2009). No sistema genital masculino, a IL-
10 € liberada por macrofagos M2 e é responsavel pode inibir o reconhecimento de
antigenos por linfécitos T (BHUSHAN et al., 2016; BIALAS et al., 2009). Além disso,
foi identificado que essas citocinas também sdo produzidas por células epiteliais
epididimérias, levando a supressdo de células T e a consequente protecdo da
destruicdo imune de autoantigenos espermaticos (VERAJANKORVA et al., 2002)

A diferencga entre a distribuigdo de células imunes e citocinas no testiculo e no
epididimo aponta para a existéncia de um microambiente imunolégico caracteristico
em cada 6rgdo, sendo que a manutencdo destes microambientes &€ fundamental

para a qualidade espermatica.

1.4 SISTEMA GENITAL MASCULINO E ESTRESSE OXIDATIVO

O estresse oxidativo € considerado uma importante condicdo fisiopatoldgica

que pode promover uma variedade de desordens celulares, inclusive morte celular
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(MELCHIORRI et al., 1996). Esta condicdo resulta de um desequilibrio entre
espécies oxidantes, como as espécies reativas de oxigénio (EROS), e as espécies
antioxidantes. As EROs possuem pelo menos um elétron desemparelhado, sendo
agentes oxidantes gerados a partir do metabolismo do oxigénio. Devido ao seu
elétron desemparelhado eles sdo capazes de formar moléculas altamente reativas
(HENKEL, 2011; MIRANDA-VILELA et al.,, 2010). As EROs séao representadas
principalmente pelo oxigénio singlet (-102), radical hidroxila (-OH), anion superéxido
(O2-), hidroperoxila (HO2), perdoxido de hidrogénio (H202), hidroperdxidos lipidicos
(LOOH) e hidroperoxidos fosfolipidicos (PLOOH) (MELCHIORRI et al., 1996).

Quando encontradas em altas concentracdes, as ERO séo toxicas para as
células causando danos em diversos tipos de moléculas biolégicas (DAMASCENO
et al., 2002), afetando a integridade do DNA e levando a peroxidacao lipidica e
degradacdo proteica (SUN, 1990). A lipoperoxidacdo das membranas celulares
culmina em alteracbes em sua estrutura e permeabilidade (MELLO FILHO;
HOFFMANN; MENEGHINI, 1984), perdendo a seletividade idnica e liberando
conteudo de organelas, como enzimas lisossomais hidroliticas. Além disso, esse tipo
de reacdo leva a formacdo de aldeidos de baixo peso molecular, como o
malondialdeido (MDA) e o 4-hidroxinoneal (4-HNE). Tais produtos reagem com
proteinas citoplasmaticas, gerando outros produtos toxicos, frequentemente
culminando em morte celular (HERSHKO, 1989). No entanto, em condi¢cdes
fisiologicas as ERO estdo envolvidas em processos bioquimicos normais, como
controle da proliferacao e sinalizacao celular (FINKEL, 1998).

Existem mecanismos responsaveis por proteger as células de danos
oxidativos por radicais livres, conhecidos como antioxidantes. Os elementos
antioxidantes podem ser classificados em enddgenos nao-enzimaticos (vitamina E
ou a- tocoferol, vitamina C ou &acido ascorbico, vitamina A, carotenos, bilirrubinas,
acido urico e albumina) ou enzimaticos, como superoxido dismutase (SOD),
glutationa peroxidase (GSH-Px) e catalase (DAMASCENO et al., 2002;
NAZIROGLU, 2003).

A geracao de ERO nos espermatozoides pode ocorrer de duas maneiras: (1)
0 sistema nicotinamida adenina dinucleotido fosfato oxidase (NADPH oxidase) ao

nivel da membrana plasmatica do espermatozoide; e (2) a reacdo oxido-redutase
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dependente de NADPH a nivel mitocondrial, sendo essa a principal fonte de ERO
espermatica (AGARWAL et al., 2014; VERNET et al., 2001).

O anion superoxido é formado a partir do oxigénio molecular, pela adigdo de
um elétron de forma espontanea, principalmente através da cadeia respiratoria da
membrana mitocondrial (NORDBERG; ARNER, 2001). Essa é uma das principais
EROs geradas pelos espermatozoides (AITKEN et al., 1995). Os espermatozoides
expressam uma série de enzimas redox durante todo seu desenvolvimento no
testiculo e epididimo, e utilizam sua capacidade antioxidante desde o epididimo até
o trato genital feminino.

Além disso, o plasma seminal estd entre os fluidos corporais mais
enriquecidos em antioxidantes de baixo peso molecular (CONRAD et al.,, 2015).
Durante o processo de capacitacdo espermatica, os espermatozoides passam por
um processo de estresse oxidativo devido ao aumento na producédo de ERO, como o
anion superéxido e o peréxido de hidrogénio (LEWIS; AITKEN, 2001). Essa
producdo tem um papel fisiolégico importante e desempenha controle tanto da
capacitacdo espermatica quanto da reacdo acrossbmica (GRIVEAU; RENARD;
LANNOU, 1995).

Acredita-se que as EROs induzam a fosforilacédo de tirosina, sendo um evento
bioquimico chave para os processos de capacitacdo espermatica (LEWIS; AITKEN,
2001). Em humanos, o estimulo na producdo de EROs melhora a fosforilagdo da
tirosina, enquanto uma reducao nesta producao teve efeito oposto (AITKEN et al.,
1995). Porém, a geracdo excessiva de EROs pelos espermatozoides € associada
com prejuizos na funcdo destes e com danos ao DNA da linhagem de células
germinativas (AITKEN, 1999; SHARMA, RAKESH; AGARWAL, 1996). Estudos
sugerem que o aumento em niveis de EROs esta relacionado com a diminuicédo da
motilidade espermatica (AGARWAL; IKEMOTO; LOUGHLIN, 1994; ARMSTRONG et
al., 1999; LENZI et al.,, 1993), defeito na espermatogénese ou mesmo apoptose
através de dano em DNA (AITKEN et al., 2007). Dessa maneira, a diminuicdo do
potencial de fertilizagcdo, aumento de riscos de aborto espontaneos e de anomalias
genéticas estdo diretamente relacionadas com o aumento dos niveis de estresse
oxidativo em espermatozoides (GHARAGOZLOO; AITKEN, 2011).
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1.5 AGROTOXICOS E A CONTAMINACAO AMBIENTAL

Antes do século XV, a agricultura baseava-se na origem organica. Nos
séculos XVI e XVII, essa visdo organica foi substituida pela no¢cdo do mundo das
maquinas através das novas ideias cientificas de Copérnico, Galileu, Newton e
Einstein (PINOTTI; SANTOS, 2013). Por volta de 1798, o planeta atingiu um bilh&o
de pessoas. Enquanto a populacdo mundial crescia em progressdo geométrica, o
crescimento na produgdo de alimentos aumentou de forma aritmética, causando
uma divida em alimentos, levando a fome (RIBAS; MATSUMURA, 2009).

Com a Revolucao Verde, que ocorreu entre 0s anos de 1940 e 1970, houve a
mecanizacao rural e uso de fertilizantes e agrotoxicos, levando a um aumento de
trés vezes na producdo de graos em paises desenvolvidos (PINOTTI; SANTOS,
2013). Na década de 70, através da implantacdo de Planos Nacionais de
Desenvolvimento Agricola e de Fertilizantes e Calcario, o Banco do Brasil concedeu
auxilios em financiamento incentivando a “aplicagédo de tecnologia”, dando inicio a
um novo modelo agricola baseado no uso de agrotéxicos (ZANIN et al., 1992).

A partir de entdo, houveram mudancas significativas no processo tradicional
da producdo agricola e, consequentemente, nos impactos dessa atividade sobre o
meio ambiente e a saude humana (RIBAS; MATSUMURA, 2009). Nesse contexto,
0s agrotoxicos eram vistos como benéficos para a saude humana, uma vez que
auxiliavam no controle agricola de pragas e de vetores de doencas vegetais e
humanas (COOPER; DOBSON, 2007).

Com o aumento acelerado no uso de agrotéxicos, passou a ser discutido os
efeitos desse uso sobre o meio ambiente e a saude humana. Atualmente, a FAO —
Food and Agriculture Organization — apresentou a seguinte definicdo de agrotoxicos:
“produtos quimicos ou quaisquer substancias ou mistura de substancias destinadas
a prevencdo, a destruicdo ou ao controle de qualquer praga, incluindo os vetores de
doencas humanas ou de animais, que causam prejuizo ou interferem de qualquer
outra forma na producdo, na elaboracdo, na armazenagem, no transporte ou na
comercializacdo de alimentos, para os homens ou os animais, de produtos agricolas
de madeira, ou que podem ser administrados aos animais para combater insetos,
aracnideos ou outras pragas dentro ou sobre seus corpos” (ALONZO; CORREA,
2003).
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Os agrotoxicos podem ser classificados de acordo com seus alvos de acao:
inseticidas (controle de insetos), fungicidas (controle de fungos), herbicidas (controle
de plantas invasoras), fumegantes (controle de bactérias presentes no solo),
rodenticidas (controle de roedores), dentre outros (RIBAS; MATSUMURA, 2009).
Além disso, podem ser classificados também de acordo com a periculosidade
ambiental, sendo produtos altamente perigosos ao meio ambiente (Classe I),
produtos muito perigosos ao meio ambiente (Classe Il), produtos perigosos ao meio
ambiente (Classe 1) e produtos pouco perigosos ao meio ambiente (Classe V).

Deve-se levar em consideracdo que dentre aproximadamente trés mil
substancias utilizadas em larga escala no mundo, apenas 40-50 se enquadram nos
padrbes de potabilidade de &gua, solo ou ar. Essa situacdo € alarmante, pois
apresenta risco devido a contaminacdo da cadeia alimentar, que ndo é avaliada por
orgao de controle de qualidade (FONTENELE et al., 2010).

No Brasil, o uso de agrotéxicos € normatizado pela Agéncia Nacional de
Vigilancia Sanitaria (ANVISA) e pelo Conselho Nacional do Meio Ambiente
(CONAMA). A classificacdo utilizada para avaliar a toxicidade para a saude humana,
em territorio nacional, é a DL 50 (quantidade de uma determinada substancia que é
necessaria ingerir ou administrar para provocar a morte a pelo menos 50% da
populacdo em estudo).

Desde 2008, o pais tem ocupado a posicdo de maior consumidor mundial de
agrotoxicos, sendo que mais de 80% dos agricultores brasileiros fazem uso de tais
produtos para combater pragas e aumentar a produtividade. De acordo com o
Sistema Nacional de Informacdes Toxico-Farmacologicas (SINITOX), foram
registrados 4.656 casos de intoxicagcdo por agrotoxicos no Brasil, sendo que 128
foram a obito (SINITOX, 2012). As intoxicacdes agudas por agrotoxicos sao as mais
relatadas, afetando principalmente trabalhadores pela via ocupacional.

Além do aumento de danos ambientais e na saude das pessoas que estao
sendo expostas aos agrotoxicos atraves de alimentos contaminados, os agricultores
adultos sdo o grupo com maior potencial de exposicdo, assim como seus filhos
(PEDLOWSKI et al., 2012). Dessa maneira, a utilizacdo dos agrotoxicos pode ter
impacto direto por trés vias: (1) via ocupacional, caracterizada pela contaminagéo
dos trabalhadores que manuseiam tais compostos, (2) via ambiental, através da

dispersdo dessas substancias pelo meio ambiente (lagos, contaminacéo atmosférica
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e solo) e (3) via alimentar, caracterizada pela contaminacéo de alimentos que serao
ingeridos (MOREIRA et al., 2002).

Ribeiro et al. (2007) relataram que foram encontrados residuos de
agrotoxicos em amostras de aguas subterrdaneas em paises como Gra-Bretanha,
Alemanha, Estados Unidos, Grécia, Bulgaria, Espanha, Portugal e Brasil. No solo
contaminado, o0s principios ativos podem interferir em processos biolégicos
responsaveis pela oferta de nutrientes, como as bactérias fixadoras de nitrogénio
responsaveis pela disponibilizacdo desse mineral as plantas (CARLOS et al., 2013).
Os agrotéxicos podem ainda infiltrar no solo e atingir aguas subterraneas utilizadas
para o abastecimento de &gua para uso doméstico (FLORES et al., 2004). Os
agrotoxicos podem estar presentes também em estacdes de tratamento de agua
urbanas devido ao seu uso néo agricola.

O excesso de aplicacdo dos agrotoxicos tem levado ao desaparecimento de
algumas espécies de insetos com consequente aparicdo de novas pragas, além de
levar a resisténcia de outras espécies a alguns inseticidas, exigindo o
desenvolvimento de novos produtos. Além dos efeitos diretos sobre os alvos, os
residuos de agrotoxicos presentes em alimentos consumidos podem ser causa de
problemas enddcrinos, uma vez que muitos deles possuem atividade hormonal,
sendo denominados desreguladores enddcrinos (FONTENELE et al.,, 2010). O
Instituto Nacional de Cancer José Alencar Gomes da Silva (INCA), 6rgdo do
Ministério da Saude, tem se manifestado contra as praticas atuais no uso de
agrotoxicos ressaltando seus riscos a saude, especialmente por estar relacionado
com as causas de cancer.

Dentre os agrotoxicos utilizados em larga escala, destacam-se 0s grupos dos

organofosforados, organoclorados, carbamatos e piretroides (FLORES et al., 2004).

1.6 ORGANOFOSFORADOS

Organofosforados (OFs) sdo compostos quimicos derivados dos acidos
fosforico e tiofosférico, destacando-se por sua atividade inseticida utilizados no
controle e combate as pragas. S&o altamente lipossolaveis, com alto coeficiente de
particdo Oleo-agua e sio rapidamente hidrolisados (ALONZO; CORREA, 2003). A

Figura 5 apresenta a formula estrutural basica dos compostos OFs.
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Figura 5. Férmula estrutural basica dos compostos organofosforados. P —
fosforo; O — oxigénio; S — enxofre; R1 e R2 representam grupos alcoxil; L —
halogénios; alquil, aril e heterociclicos (modificado de dos Santos et al., 2007).

A grande utilizacdo dessa classe de compostos como inseticidas se da ao fato
de suas fortes atividades biolégicas e também por serem relativamente instaveis na
biosfera. Os OFs surgiram como uma tentativa de substituir os compostos
organoclorados, os quais eram apontados por serem grandes causadores de danos
ambientais, com alta toxicidade e persisténcia (COLEONE, 2014).

Estes compostos podem ser absorvidos via dérmica, respiratéria ou digestiva,
sendo a absorgcdo via oral importante nos casos de intoxicagcdes acidentais,
principalmente em criangas. Em adultos, a exposicao por via oral ocorre através do
manuseio inadequado de instrumentos de pulverizacdo, através do habito de fumar
ou comer durante a aplicacdo dos OFs ou mesmo consumir alimentos contaminados
(LARINI, 1996).

Apbs serem absorvidos, os OFs passam por metabolismo, principalmente a
nivel hepatico, cujos metabdlicos toxicos agirdo inibindo dois tipos de enzimas
colinesterases: acetilcolinesterase (AChE), encontrada principalmente em sinapses
do sistema nervoso central, parassimpéatico e em eritrécitos e butilcolinesterase
(BChE), encontrada no plasma, intestino, e em menor concentracdo em outros
tecidos (TAYLOR, 1996). Ao serem fosforiladas, as enzimas AChE sé&o
irreversivelmente inativadas, levando ao acumulo de acetilcolina nas sinapses
(Figura 6), interrupcdo da propagacao de impulsos elétricos, e consequente paralisia
e possivel morte dos insetos (BRAGA; VALLE, 2007; TAYLOR, 1996). Deve-se

ressaltar que os OFs agem da mesma forma para insetos, aves ou mamiferos.
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Figura 6. Acdo dos compostos organofosforados. A. Situacdo fisiologico da
acetilcolina ligando-se em receptores da membrana pos sinaptica e acdo da
acetilcolinesterase clivando esse neurotransmissor. B. Organofosforado fosforilando
e inibindo as enzimas acetilcolinesterase, levando ao acumulo do neurotransmissor
na fenda sinaptica. P — fésforo. Fonte: Rafaela Pires Erthal.

O aumento dos efeitos da acetilcolina na fenda sinaptica pode explicar a
sintomatologia caracteristica da intoxicacdo aguda por OFs, sendo dividida em 3
fases (KARCZMAR, 1998): (1) colinérgica inicial dura de 24-48 horas, com acumulo
de acetilcolina nas sinapses muscarinicas levando ao aumento de secrecoes,
broncoconstricdo, bradicardia, vomitos e aumentando a motilidade intestinal. Em
relacdo as sinapses nicotinicas, ocorre paralisia muscular devido ao bloqueio da
despolarizacdo de membrana (KARALLIEDDE; SENANAYAKE, 1989); a fase (2)
corresponde a sindrome intermediaria, a qual manifesta-se 1-4 dias apos a
intoxicacdo aguda e € caracterizada por fraqueza dos musculos do sistema
respiratorio e paralisia dos nervos cranianos; a polineuropatia tardia caracteriza a
fase (3), ocorrendo 14-28 dias apds a exposi¢cdo aos OFs, estando principalmente
relacionada musculos (SENANAYAKE;
KARALLIEDDE, 1987).

Em relacédo a classificacdo temporal das intoxicacdes por OFs, Kemple (2001)

com a fraqueza dos periféricos

classificou exposi¢cdo aguda como aquelas que ocorrem uma ou duas vezes em uma

semana ou menos. A exposicao cronica se refere a um tempo superior a 10% do
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tempo de vida médio de determinada espécie. Apesar da gravidade dos efeitos de
intoxicacdo aguda por OFs, os quais podem até levar a morte, deve-se também levar
em conta a intoxicacao crénica ou ocupacional, pois essa ocorre de forma silenciosa
e sua evolucdo é muitas vezes despercebida, sem o0s sinais e sintomas classicos da

crise colinérgica aguda.

1.7 MALATION

Sabe-se que doencas causadas pelos virus da dengue, zica e chikunkunya
representam um dos maiores problemas de saude publica nas regides tropicais e
subtropicais, sendo declarada situacdo de emergéncia em 2015 (BRASIL, 2015a). O
mosquito do género Aedes aegypt € o vetor de tais doencas, sendo a fémea mais
importante no processo de transmissdo. Por conta disso, tem-se tomado medidas
nacionais buscando intensificar as acdes de mobilizacdo e combate a esse vetor
transmissor da dengue, zica e chikungunya em cumprimento a um Plano Nacional
de Enfrentamento a Microcefalia (BRASIL, 2015b). Para prevenir ou diminuir a
transmissao de tais virus, medidas tem sido tomadas visando controlar os mosquitos
vetores, principalmente as fémeas, 0s quais terdo o contato com humanos
interrompido (WHO, 2009). O combate ao mosquito adulto tem sido feito através do
uso de inseticidas quimicos.

De acordo com recomendacgfes da Organizacdo Mundial da Saude (OMS),
cinco inseticidas foram aprovados para uso em Saude Publica visando controlar os
mosquitos vetores adultos, sendo quatro pertencentes a classe dos piretroides e 0
malation, pertencente ao grupo dos organofosforados (WHO, 2012). Uma nota
técnica apresentada pelo Instituto Oswaldo Cruz (IOC, Fiocruz) apresentou a
resisténcia desses mosquitos a classe dos piretroides e forneceu embasamento para
gue o Ministério da Saude substituisse tal classe de compostos pelo malation, como
forma de controle de mosquitos adultos a partir de 2009 (BRASIL, 2016a). Dessa
maneira, pessoas que vivem em areas onde o malation é pulverizado visando o
controle de mosquitos estdo altamente expostas ao inseticida malation (ATSDR,
2003).

Além disso, 0 uso de malation é indicado pela Anvisa para uso em aplicagdo
foliar em culturas de alface, algodao, berinjela, brécolis, cacau, café, citros, couve,

couve-flor, feijao, maca, morango, pepino, péra, péssego, repolho, soja e tomate. O
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orgao ainda prevé a aplicacdo em arroz, feijao, milho, sorgo e trigo armazenados
(ANVISA, 2012).

O malation destaca-se por ser utilizado nas mais variadas situacdes, seja em
ambiente urbano ou rural, visando a erradicacao de insetos, formigas ou piolhos.
Seu nome quimico é O,O-dimetil-ditiofosfato de dietil mercaptosuccinato (EPA,
2006). Quando puro, encontra-se no estado liquido e amarelado. E pouco soltvel
em agua e solavel na maioria dos compostos organicos, como alcool, éster, cetona,
éter e hidrocarbonetos aromaticos. A meia vida (taxa de hidrélise) em pH 7,4 e 37,5°
C é de aproximadamente 32 horas (EPA, 2006).

Na opcdo comercial, pode ser encontrado de diversas formas: liquidos
oleosos ou viscosos, pouco densos, de cor e cheiros variaveis, incolores ou
coloridos, sendo empregado em diversas concentracdes (POSSAMAI, 2005). Tem
sido utilizado na agropecuaria e saude publica como forma de controle de vetores ou
mesmo na forma de uso domiciliar (AHMED et al., 2000).

Quando o malation é introduzido ao meio ambiente através do processo de
pulverizacdo, seja em culturas ou areas residenciais, as gotas do composto no ar
aderem ao solo, plantas, agua ou superficies artificiais. Apesar de a maioria desse
composto permanecer em areas de aplicacdo, uma parte pode mover-se devido as
acOes dos ventos e chuvas. Ele sera entdo convertido em outros compostos
quimicos através da acdo da agua, luz solar e bactérias encontradas no solo e na
adgua (ATSDR, 2003).

O malation destaca-se por sua alta eficacia como inseticida e baixa toxicidade
em mamiferos quando comparado a outros OFs. No entanto, excipientes e
impurezas presentes nas formulacbes comerciais podem apresentar maior
toxicidade (MARONI et al., 2000; MEINKING et al., 2004). A dose letal 50 (DLso) do
malation administrado via oral a ratos varia entre 1500 e 2000 mg/kg (U.S. EPA,
2000). De acordo com a Organizacdo Mundial da Saude (OMS), o malation pertence
a classe lll (moderadamente toxico) da classificacdo de pesticidas segundo sua
periculosidade. No entanto, esses parametros podem nao representar os efeitos de
exposicdes crbnicas, como cancer, defeitos de nascimento e toxicidade reprodutiva
(ATSDR, 2003).

Apé6s ser absorvido, o composto é oxidado no figado por enzimas

pertencentes ao citocromo P-450, dando origem ao metabdlito malaoxon, o qual é
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responsavel pela inibicdo das ChE e pelos principais efeitos toxicos observados
(U.S. EPA, 2000). Os ratos convertem cerca de 4-6% do malation em malaoxon.
Tanto o malation quanto seu metabdlito sdo rapidamente detoxificados por
carboxiesterases até derivados mono e diacidos, os quais serdo excretados
majoritariamente nas primeiras 24 horas pela urina (aproximadamente 84%) e pelas
fezes (cerca de 6%) (CARVALHO; RIBEIRO, 2001; U.S. EPA, 2000). A meia vida do
malation em sangue de ratos é de 1,4 dias, quando expostos por via oral (ATSDR,
2003).

Estudo mostrou a distribuicdo do malation para os diversos tecidos humanos
(rim, sangue, figado, coracdo, baco, cérebro, pulmdo e muasculos), além de fluidos
corporais (sangue e urina) (JADHAV et al.,, 1992). Nesses casos, 0 tempo de
exposicdo foi um fator determinante para absor¢do do composto em tecidos
biolégicos (BOUCHARD, 2003).

Além do seu mecanismo de acdo bem estabelecido, a toxicidade dos
organofosforados, incluindo o malation, tem sido relacionada também com a inducéo
do estresse oxidativo por meio da geracdo de radicais livres e alteragées no sistema
enzimatico de antioxidantes (BROCARDO et al., 2005; FORTUNATO et al., 2006;
KOVACIC, 2003). As diferentes formas de levar ao estresse oxidativo podem ser
explicadas pelas diferencas na forma de exposicdo ao malation, da distribuicdo
tecidual, idade dos animais (SILVA, 2007) e também das diferentes doses de
eXposicao ao composto.

O malation ainda tem apresentado atividade imunossupressora, podendo
causar interferéncias fisioldgicas e patologicas, de funcdo hormonal, metabolismo
hepatico, além de outros mecanismos imunorregulatérios. Banerjee et al. (1998)
mostraram a atuacao direta ou indireta do inseticida sobre células linfoides, células
T, macrofagos e metabolismo de imunoglobulinas. Além disso, estudo apresentou o
malation como potente agente genotéxico, podendo estar relacionado com potencial
agente mutagénico em células da linhagem germinativa (GIRI et al., 2002).

De acordo com seu mecanismo, o malation interfere na fun¢cdo normal do
sistema nervoso, afetando indiretamente muitos 6rgdos e funcdes. A exposicdo a
grandes quantidades de malation no ar, agua e comidas contaminadas pode causar
dificuldade para respirar, aperto no peito, vomitos, colicas, diarreia, visdo turva,

salivacdo, transpiracdo, dores de cabeca, tonturas, perda de consciéncia e até
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mesmo a morte. Além disso, até o ano de 2003, a Organizacdo Mundial da Saude
relatou que ndo existiam evidéncias de que o malation poderia comprometer a
capacidade reprodutiva em humanos. (ATSDR, 2003).

A Agéncia Internacional para Pesquisa do Céancer (IARC), 6rgdo da OMS,
classifica o0 malation como provavelmente carcinogénico para humanos, com
evidéncias limitadas em humanos a canceres de préstata e linfomas ndo-Hodgkin.
Essas evidéncias foram observadas a partir de pessoas expostas, principalmente
trabalhadores rurais, nos EUA, Canada e Suécia, registrados desde 2001 (WHO,
2015). Além disso, a IARC aponta para o desenvolvimento de tumores em roedores
expostos ao composto em estudos experimentais, dano em DNA e cromossomos,
além de ser considerado desregulador enddcrino (WHO, 2015).

A Organizacao de Comida e Agricultura das Na¢des Unidas (FAO) estabelece
concentracfes de malation que ndo causam efeitos toxicos: 29 mg/kg por dia
durante dois anos ndo causou toxicidade ou carcinogenicidade; 400 mg/kg por dia
nao levou a toxicidade materna em estudo de toxicidade durante o desenvolvimento;
130 mg/kg por dia ndo causou danos em estudo de toxicidade reprodutiva; 0,3
mg/kg durante 47 dias ndo alterou parametros toxicolégicos em humanos. Dessa
maneira, a concentracdo de ingestdo diaria considerada aceitavel para humanos
pelo 6rgado é de 0-0,3 mg/kg de peso corpoéreo (FAO, 1997).

Em fevereiro de 2016, a Associacao Brasileira de Saude Coletiva (ABRASCO)
reivindicou a imediata suspensdo do uso de malation nas campanhas de Saude
publica para controle do Aedes aegypt, tanto em nebulizacdo aérea ou cortinados
tratados com veneno (mosquiteiros impregnados). O Orgdo ainda sugere a
substituicdo desses produtos por barreiras mecanicas, limpeza e aspiracao, telagem
em janelas, entre outras medidas (BRASIL, 2016b).

Os biomarcadores mais especificos para identificacdo de exposicdo ao
malation sdo compostos semelhantes e metabdlitos em tecidos e fluidos corporais.
No entanto, os testes devem ser realizados rapidamente pois seus metabdlitos sao
excretados rapidamente (AKGUR et al., 1999; MORGADE; BARQUET, 1982).
Estudos populacionais e de exposi¢cdes ocupacionais detectaram &cido dicarboxilico
malaoxon (DCA), acido monocarboxilico malathion (MCA), acido fosforotidico dimetil
(DMPT), O,O-dimetil-fosforoditioato (DMPDT) e O,O-dimetilfosfato (DMP) como os

principais produtos metabdlicos em amostras de sangue e urina (ATSDR, 2003). Em
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pesquisa de aproximadamente 7000 pessoas residentes nos EUA conduzido entre
1976 e 1980, 1,1% apresentou concentracdes quantificaveis de MCA em urina e
<1% apresentou concentragfes quantificaveis de DCA (KUTZ et al., 1992), sendo a
concentracdo maxima relatada de 250 pg/L.

Estudo de 5 trabalhadores e 16 residentes expostos ao malation em
processos de pulverizacdo no Haiti determinou niveis em urina de MCA em diversos
tempos apos a exposicdo, sendo que os residentes ndo estavam presentes durante
a pulverizacdo. Foi observado que os niveis urinarios de MCA variaram entre 0,9 e
6,8 mg/L apdés uma semana de pulverizacdo (WARREN et al., 1985).

Em relacdo ao diagnostico de intoxicacdo por organofosforado, incluindo o
malation, pode ser observado pela presenca de sinais clinicos e determinacao de
niveis plasmaticos de colinesterases (ATSDR, 2003). No entanto, a inibicdo da

enzima nao € especifica para a classe dos organofosforados.

1.8 MALATION E FUNGCAO REPRODUTIVA

Em 2003, a Agéncia para Substancias Téxicas e Registro de Doencas dos
EUA (ATSDR) declarou que as evidéncias gerais observadas até o momento
sugeriam que o0 malation ndo apresentava toxicidade para o sistema genital
masculino, mas que a falta de estudos de qualidade n&o permitiam chegar a uma
conclusao definitiva (ATSDR, 2003). A partir de entéo, diversos estudos passaram a
ser conduzidos avaliando os efeitos do malation sobre parametros reprodutivos.

Slimen et al. (2014), em modelo de exposicdo aguda ao malation (500 mg/kg
p.c. em DPN 45 durante 3 dias), mostrou alteracdes histopatologicas, bioquimicas e
moleculares da funcao reprodutiva de ratos. Nesse estudo, foi observado diminui¢ao
de peso testicular absoluto e relativo de testiculos e epididimos, diminuicdo de
concentracdes plasmaticas de testosterona. Foi observado diminuicdo de motilidade,
viabilidade e contagem espermatica, além de aumento de espermatozoides
anormais. Além disso, foi encontrada alteracdo em lipoperoxidacdo e niveis de
enzimas antioxidantes de testiculos e epididimos de animais expostos ao malation,
com aumento em niveis de MDA e Hz20..

O mesmo grupo mostrou alteracdes histopatologicas, bioquimicas e

moleculares na funcéo reprodutiva de ratos expostos ao malation (200 mg/kg p.c.
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DPN 21) durante 30 dias (SELMI et al.,, 2015). Nesse estudo, foi observado
diminuicdo da concentracdo plasmatica de testosterona, diminuicdo de contagem
espermética em testiculos e epididimos, de motilidade e viabilidade esperméticas,
além de levar a alteracdes na morfologia espermatica. A exposicdo ao malation
induziu o aumento de MDA e diminuicdo da atividade de enzimas antioxidantes CAT
e SOD em testiculos e epididimos. A histologia testicular foi alterada em animais
expostos ao composto, apresentando centros de necrose e edema do tecido
intersticial.

Em modelo de exposicdo a Unica dose de malation (240 mg/kg) em
camundongos, Bustos-Obregn e Gonzlez-Hormazabal (2003) mostraram reducéo
em epitélio seminifero e didametro de tubulos seminiferos 8 dias apds a exposicao.
Esse periodo corresponde a um ciclo de epitélio seminifero em camundongos. Além
disso, 16 dias apds exposicdo ao malation, foi observado diminuicdo em
concentracdes plasmaticas de testosterona.

Outro estudo em modelo de exposi¢éo Unica ao malation (250 mg/kg p.c.) em
ratos adultos machos apresentou teratozooespermia em animais expostos ao
malation 18 dias apdés a exposicdo e aumento da contagem espermatica. Foi
observado aumento de tubulos seminiferos anormais em animais expostos ao
composto, com células germinativas presentes no liumen, diminuicdo de altura de
epitélio seminifero e vacuolos em) epitélio seminifero. As células de Sertoli também
se mostraram sensiveis a acdo do inseticida devido a presenca de vacuolos
citoplasmaticos presentes nesse tipo celular, o que pode refletir de alteracGes
metabdlicas (CONTRERAS; BUSTOS-OBREGON, 1999). Espinoza-Navarro e
Bustos-Obregon (2014) mostraram diminuicdo de pesos testicular e epididimario,
diminuicdo da contagem espermatica em testiculos e epididimos e aumento de
espermatozoides anormais em ratos machos adultos expostos ao malation (170
mg/kg p.c.) durante 13 dias.

Estudo realizados em ratos machos (80-100g) expostos ao malation em
diferentes doses durante 60 dias mostrou que o composto (54 mg/kg p.c.) aumenta a
taxa de apoptose espermatogénica, o que foi confirmada pelas alteracdes na
expressdo proteica de BAX e Bcl-2. Além disso, as atividades de enzimas

testiculares, incluindo ACP, LDH e y-GT foram significantemente alteradas e as
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concentracbes plasmaticas de LH, FSH e testosterona reduzidas em animais
expostos ao malation (GENG et al., 2015).

Choudhary et al. (2008) mostraram que malation (50, 150 e 250 mg/kg p.c.)
administrado a ratos machos adultos durante 60 dias levou a reducdo de 80% nos
testes de pré e pos-fertilidade apds o tratamento. Os pesos testicular e epididimario
foram reduzidos em animais expostos as doses de 150 e 250 mg/kg p.c. A
exposicdo ao malation, independente da dose, levou também a diminuicdo da
contagem e motilidade espermatica. O perfil bioquimico dos testiculos revelou uma
diminuicdo significativa nos conteddos de &cido sialico e glicogénio,
independentemente da dose. Por outro lado, houve aumento significativo na
atividade da enzima testicular fosfatase acida e diminuicédo da atividade da fosfatase
alcalina em ratos expostos ao malation.

Em modelo de estudo in vitro, a exposicao de testiculo de cabra ao malation
(100 ng/mL) resultou em reducéo da atividade das enzimas catalase e SOD 8 horas
apos a exposicao (SHARMA; ALKA, 2013). A qualidade do sémen humano esti
diretamente relacionado com a concentracdo suficiente de antioxidantes e niveis
baixos de ERO (ESKENAZI et al., 2005). Quando as ERO estdo em niveis
elevados, tornam-se extremamente téxicas para as células, levando a peroxidacao

lipidica, danos ao DNA e degradacéo proteica (SUN, 1990).
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2 JUSTIFICATIVA

Doencas atualmente consideradas de grande problema de saude publica,
como dengue, chikungunya e zica, sdo causadas por meio do mosquito vetor do
género Aedes, sendo a fémea da espécie A. aegypt a mais importante na
transmissdo. A prevencdo dessas doencas depende do controle dos mosquitos
vetores por meio de inseticidas quimicos. Uma classe de inseticidas utilizada em
larga escala € a dos organofosforados que séo inibidores da acetilcolinesterase. A
absorcdo por via oral possui grande importancia em intoxicacdes ambientais
principalmente em criancas ou em adultos através do habito de comer ou preparar
alimentos durante o trabalho de aplicacéo de tais compostos. Dessa maneira, essas
exposicdes sdo recorrentes e acontecem de maneira néo intencional.

Ha alguns anos, o inseticida indicado para combate do mosquito A. aegypt no
Brasil era a deltametrina, mas com o0 passar dos anos, 0 mosquito adquiriu
resisténcia contra o mesmo. Como alternativa, tem-se utilizado o organofosforado
malation. Estudos mostram que o malation pode causar danos em parametros
reprodutivos de ratos machos expostos durante a vida adulta. Por outro lado,
existem poucos estudos apresentando exposicdo ao malation durante a
peripuberdade. Essa fase trata-se de um periodo critico para o desenvolvimento do
sistema genital masculino.

Considerando-se que juvenis e adolescentes estdo desenvolvendo-se durante
esse periodo de erradicacdo do mosquito Aedes aegypt, sendo expostos ao
inseticida malation, o presente estudo tem grande aplicabilidade ao avaliar os efeitos
da exposicdo ao malation em diferentes doses sobre o sistema genital masculino de
ratos durante a juventude e peripuberdade. Com os resultados obtidos, pretende-se
contribuir para a compreensdo da atuacdo de baixas doses de malation sobre o

desenvolvimento pds-natal do sistema em estudo.
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3 OBJETIVOS

3.1 GERAL

Diante da falta de informacdes especificas na literatura e da relevancia
clinica, social e politica do assunto, o objetivo do presente trabalho foi avaliar se a
exposicdo a baixas doses de malation durante o periodo juvenil e peripuberal

poderia trazer danos ao desenvolvimento testicular e epididimario de ratos.

3.2 ESPECIFICOS

- Determinar a influéncia do malation sobre o processo de gametogénese e
parametros espermaticos bem como o0s aspectos histopatoldgicos e morfométricos
nos testiculos e epididimos;

- Analisar a fisiologia testicular e epididiméaria através da dosagem de
testosterona, célculo da producéo diaria de espermatozoides assim como analisar 0
tempo de transito espermatico no epididimo;

- Identificar os possiveis mecanismos de acdo do malation através da
avaliagdo dos marcadores de estresse oxidativo e de perfil inflamatorio no testiculo e
epididimo

- Contribuir com dados sobre os efeitos e mecanismos de acdo da exposicao
ao inseticida malation sobre o desenvolvimento pés-natal do testiculo e epididimos

de ratos



42

4 ARTIGO 1

Exposure to low doses of malathion during juvenile and
peripubertal periods impairs testicular and sperm parameters in

rats

Artigo sera submetido a revista — “Toxicology”
ISSN: 0300-483X;
F.l. 2017: 3.582

Qualis CAPES 2013-2016 (Medicina Il): A2



43

Exposure to low doses of malathion during juvenile and

peripubertal period impairs testicular and sperm parameters in rats

Rafaela P. Erthal'?, Larissa Staurengo-Ferrari?, Victor Fattori?, Flavia A.
Guarnier?, Rubens Cecchini?, Fernando Q. Cunha3, Waldiceu A. Verri Junior?,

Rodrigo R. Pescim#, Glaura S. A. Fernandes?

1 — Department of General Biology, Biological Sciences Center, State
University of Londrina — UEL, Londrina, Parana, Brazil

2 — Department of General Pathology, Biological Sciences Center, State
University of Londrina — UEL, Londrina, Parana, Brazil

3 — Department of Pharmacology, Ribeirdo Preto Medical School, University
of S&o Paulo — USP, Ribeirdo Preto, Sdo Paulo, Brazil

4 — Department of Statistics, Exact Sciences Center, State University of
Londrina — UEL, Londrina, Parana, Brazil

*Corresponding author
Tel.: +55 43 33714417
E-mail address: glaura@uel.br (G.S. A. Fernandes)



44

Abstract

Malathion is an organophosphate insecticide used in agriculture
and for controlling vector-borne diseases like Zika disease. Humans can be exposed
to malathion by means of ingestion of contaminated food. The juvenile and
peripubertal periods are a large window of vulnerability to the action of toxic agents.
The aim of the present study was to evaluate the effects of low doses of malathion
during the development of testes in the juvenile and peripubertal periods of rats. For
this, 45 male Wistar rats (postnatal day (PND) 25) were assigned into 3 experimental
groups and treated for 40 days. The animals were daily exposed to malathion 10
mg/kg b.w. (M10 group) or 50 mg/kg b.w. (M50 group) diluted in 0.9% saline. These
doses correspond to 0.5 and 2.5% of oral LD50 for adult male rats, respectively. The
control group received only the vehicle. On the 40th experimental day, the rats were
anesthetized and euthanized. The blood was collected for determination of
testosterone concentration. Testes were removed and weighed. Spermatozoa from
vas deferens were used to sperm morphological analysis. The testes were used for
sperm count, oxidative stress status evaluation, to determine the inflammatory profile
and analysis of tissue constitution. The results showed that both malathion doses
reduced the sperm count and increased the number of abnormal sperm number.
Furthermore, both doses altered spermatogenetic process delaying the
spermiogenesis and reduced Leydig and Sertoli cell nhumber. The M10 group
presented increased IL-10 levels and reduced GSH levels. The M50 group showed
an increase in the number of abnormal seminiferous tubules, a decrease in plasma
testosterone concentration and an increase in lipid peroxidation. We conclude that
lipid peroxidation was the major mechanism by which low doses of malathion

affected the testicular development and sperm quality in rats, since seminiferous
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epithelium maintenance is testosterone dependent and this androgen was reduced in

rats exposed to this insectide.

Keywords: Testis, sperm, malathion, lipid peroxidation, testosterone
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1. Introduction

Humans and animals are exposed to environmental pollutants through
ingestion of contaminated food, inhalation of contaminated air or skin contact (Nash
et al., 2004). In this context, a pollutant often found in environment is malathion that
is an organophosphate insecticide with a low level of toxicity to humans compared to
the other organophosphate compounds (Maroni et al., 2000).

Malathion is used to control a broad spectrum of insects on a wide range of
agricultural food and feed crops (EPA, 2006). Beyond its use in agriculture, the
compound is a component of personal hygiene products used for lice control
(ATSDR, 2003). Recently, the WHO has recommended malathion powder for malaria
vector control by indoor residual spraying. Furthermore, this organization appoints to
the implications of the continuous use of malathion for vector control, especially in the
control of Aedes spp in the context of Zika virus outbreak, also dengue and
chikungunya virus which share the same vector (WHO, 2016).

The juvenile and peripubertal periods (PND 22-65 in rats) are a large window
of vulnerability to the action of toxic agents. During these periods it has been
stablished the primary androgen production (Podesta et al., 1974), the Leydig cell
differentiation and testosterone receptor expression (Benton et al., 1995) and the
maturation of hypothalamic-pituitary-gonadal axis (Golub et al., 2008). Thus, these
developmental periods are more sensible to toxic agents which may lead to
temporary or permanent damage to reproductive system. It has been known that
several environmental pollutants may affect the male reproductive health (Chen et
al., 2017; Erthal et al., 2017; Garcia et al., 2017).

Evidence shows that malathion may provoke many adverse effects on

reproductive system and reducing the quality and quantity of spermatozoa. Slimen et
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al. (2014) showed reduction in testis weight, plasma testosterone and an increase in
abnormal sperm in adult rats exposed to malathion (500 mg/kg b.w.) for 3 days. The
same group reported the same adverse effects and histopathologic alteration in testis
after exposure to malation (200 mg/kg b.w., PND 21) for 30 days (Selmi et al., 2015).
The toxicity mechanisms of malathion in both studies were related to the oxidative
stress and decrease of antioxidants levels.

Moreover, it was showed that adult male rats exposed to malathion (54 mg/kg
b.w.) for 60 days had an increase in the rate of apoptosis in spermatogenesis and
leads to a reduction in testosterone concentration (Geng et al., 2015). The malathion
exposure (50, 150 and 250 mg/kg b.w.) for 60 days lead to reduction of testis weight
and sperm count of adult rats (Choudhary et al., 2008).

Since the malathion’s oral LDso for adult male rats is 5400 mg/kg (EPA, 2000)
and the NOAEL (adverse effect level not observed) for reproductive system in rats in
relation to developmental toxicity is 130 mg/kg (FAO, 1997), no studies until now
show the toxicity of low doses of malathion on testicular tissue during the juvenile and
peripubertal periods, which are critical for male reproductive development (Sharpe,
2010).

Although the neurotoxic malathion mechanism is well stablished by inhibition
of acetylcholinesterase enzyme, its toxicity may also be induced by oxidative stress
and a disruption in antioxidant enzymes system (Brocardo et al., 2005; Fortunato et
al., 2006). Studies valuing other interferers upon reproductive system show that
different ways to leads to oxidative stress are due to different exposition via, different
doses and exposure periods (Eskenazi et al., 2005; Slimen et al., 2014). Selmi et al.
(2015) observed an increase in lipid peroxidation and decrease in antioxidant

enzymes both in testes and epididymis after malathion exposure (200 mg/kg, PND
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21-51) in mice. In vitro study showed that goat testes exposed for 8 hours to
malathion (100 ng/mL) reduced catalase and superoxide dismutase activities, two
important antioxidant enzymes (Sharma and Alka, 2013). In this context, it is
important to emphasize that the human semen quality is directly related to sufficient
antioxidants levels and low oxidative species levels (Eskenazi et al., 2005).

Although there are studies valuing the effect of malathion on reproductive
system, the data reported are conflicting depending on the doses or timing of
exposure of malathion. The literature does not associate lower doses of the
malathion exposure with post-natal testicular development, oxidative stress and the
immune system. Thus, the aim of the present study was to evaluate the effects of low
doses of malathion during the development of testis in the juvenile and peripubertal

period of rats.

2. Material and methods

2.1. Animals and experimental conditions

Juvenile male Wistar rats postnatal day 21 (PND21) were supplied by Biotery
of Biological Sciences Centre, State University of Londrina (CCB - UEL) and were
acclimated to the new environment at the Laboratory of Toxicology and Metabolic
Dysfunction of the Reproduction for 4 days right before the beginning of the
experimental period. The animals were kept under recommended conditions at the
local animal house. The animals were allocated into polypropylene cages (43 x 30 x
15 cm) with laboratory grade pine shavings as bedding during all the experiment.
Temperature and lighting were controlled (£ 23°C; 12L, 12D photoperiod, lights
switched off at 07:00 pm). Rat chow and filtered tap water were provided ad libitum.

The weight body of rats and the food and water consumption were measured twice a
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week. Animal care and handling procedures were in accordance with EPA guidelines
for Reproductive Toxicity Risk and with approval of the Ethics Committee on Animal

Use of State University of Londrina (CEUA/UEL protocol number 12305.2016.65).

2.2. Experimental design

The animals were randomly assigned into three experimental groups of 15
animals each: Control (C), Malathion 10 mg/kg body weight (b.w.) (M10) and
Malathion 50 mg/kg b.w. (M50). The doses used in the present study are considered
to be low doses for rats because these doses are 0.5 and 2.5% of oral LDso for adult
male rats, respectively (U.S. EPA, 2000). Furthermore, we used malathion at doses
lower than the NOAEL (adverse effect level not observed) dose (130 mg/kg b.w.) for
reproductive system in rats in relation to developmental toxicity (FAO, 1997). The
malathion doses were administered according Geng et al. (2015) which showed
reproductive disorders in Wistar rats exposed to malathion 54 mg/kg b.w. during adult
life. However, in the current study the experimental period was modified from PND 25
to 65 and the peripubertal period was set according to Ojeda et al. (1980). The
animals were exposed to malathion via oral gavage with 10 or 50 mg/kg b.w. diluted
in 0.9% saline as vehicle or were vehicle-treated for the control group. All groups

were daily treated for forty consecutive days.

2.3. Preparation of malathion solution
Malathion (dietil-dimetoxitiofosforiltio; CAS no. 121-75-5; Cheminova) was
obtained from Dominus Quimica (Jandaia do Sul, Brazil). The compound was diluted

in 0.9% saline daily.
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2.4. Blood, testis and sperm collection

At the end of experimental period, rats were intraperitoneally anesthetized with
a combination of ketamine 75mg/kg b.w. (Sedomin® 10%, Avellaneda, Argentina)
and xylazine 10 mg/kg b.w. (Anasedan®, Paulinia, Brazil), weighed and killed by
cardiac puncture. Blood was collected for determination of plasma testosterone
concentration (n=10 rats per group). Testes were removed and their weights were
determined (n=10 rats per group). The testes were used for sperm counts (n=10 per
group), the evaluation of lipid peroxidation (n=6 per group), inflammatory profile (n=6
per group) and anatomic analysis (n=5 per group). Spermatozoa from the right vas

deferens were used to sperm morphological analysis (n=10 per group).

2.5. Plasma testosterone

Blood plasma was obtained by centrifugation at 3000g for 15 minutes at 4° C
and stored at -20° C until assayed by immunoassay. The total testosterone present in
plasma was measured by chemiluminescence (2" Generation Testosterone.
Architect System, Abbott, Wiesbaden, Germany), according to the manufacturer-s
recommendations. The intra-assay coefficient of variation and minimum sensitivity of

assay was 4.6% and 0.15 nmol/L respectively.

2.6. Morphometric and histopathological analyses

The left testes were removed and fixed in methacarn solution (10% acetic
acid, 60% methanol and 30% chloroform) for 3 hours at 30°C. The testes were
embedded in Paraplast® and sectioned at 5um. Testes sections were stained with
hematoxylin and eosin (HE) and examined under light microscopy for general

histopathological and morphometric analysis as described by Favareto et al. (2011).
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2.6.1 Number of Leydig cells
The number of Leydig cells nuclei were counted in 10 random fields of
interstitial tissue in each testis section per rat under a light microscope at 400x

magnification (Guerra et al., 2017).

2.6.2 Number of Sertoli cells
The number of Sertoli cell nuclei was determined in 20 cross-sections of the
seminiferous tubules per testis in each rat, under a light microscope at 400x

magnification (Nassr et al., 2010).

2.6.3 Histopathological analysis in testis

Histological analysis was performed in 100 randomly selected testicular cross-
sections per animal, using an Opton microscope (100x and 400x magnification). The
seminiferous tubules were classified into normal or abnormal, according to the
appearance of cells present in the seminiferous tubules. Abnormal tubules were
subdivided into: immature germ cells in the lumen; acidophilic cells and the presence

of vacuolization.

2.6.4 Spermatogenesis kinetics

One hundred random tubular sections per animal were classified into four
categories: stages I-VI, VII-VIII, IX-XIII and XIV of the seminiferous epithelium cycle,
according to Leblond and Clermont (1952) under a light microscope (Opton) at 100x

and 400x magnification.
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2.6.5 Seminiferous tubule diameters and seminiferous epithelium height

Ten random testicular cross-sections, per animal, in stage IX of the
seminiferous epithelium cycle were examined. Seminiferous tubule diameters were
measured using Opton photomicroscope (400x magnification) and BELview software
(version 6.2.3.0 for Windows). Likewise, the seminiferous epithelium height was
measured using the same tubules as described above. In each seminiferous tubule
the mean of four measures for diameters and epithelium height was calculated and
these values were used in the statistical analysis aiming comparison between

groups.

2.7. Daily sperm production

To evaluate daily sperm production (DSP), the right testes were decapsulated,
weighed and homogenized, as described previously (Robb et al., 1978), with some
modifications as suggested by Fernandes et al. (2007). After dilution of the
homogenate, a small sample volume was transferred to a Neubauer chamber (four
fields per animal) for counting of homogenization-resistant spermatids (Stage 19 of
spermatogenesis). To calculate DSP, the concentration of spermatids per testis was
divided by 6.1, which refers to the number of days for which the mature spermatids

are present in the seminiferous epithelium.

2.8. Sperm morphology

Contents of the vas deferens were removed by internal rinsing with 1.0 mL of
saline formol 10%. Smears were prepared on histological slides from this solution
and observed with an Opton photomicroscope (400x magnification). One hundred

random spermatozoa were analyzed per animal. Morphological analysis was
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classified into three general categories: normal morphology, head abnormalities
(without characteristic curvature or isolated form, i.e., no tail attached) and tail
abnormalities (broken, rolled into a spiral and isolated, i.e., no head attached). This

analysis was performed as described by Fernandes et al. (2007).

2.9. Determination of lipid peroxidation

The left testis was prepared according to the methods described by Zimiani et
al. (2005). Briefly, the tissue was homogenized for 40 s in an Ultraturrax homogenizer
(Marconi) containing 50mg mL™? tissue in 30mM KH2PO4 and K2HPO4 buffer and
120mM KCI at pH 7.4. The homogenates were centrifuged at 11 000g for 15min at
4°C and the supernatant used for the following analysis. Reaction mixtures were
placed in luminescence tubes containing homogenate from the testis (50 mg mL1),
30 mM KH2PO4 and KzHPO4 buffer (with 120 mM KCI, pH 7.4) and 6 mM tert-butyl
hydroperoxide in a final volume of 1 mL. Tert-butyl hydroperoxide-initiated
chemiluminescence (CL) was assessed using a luminometer (Promega) with a
response range of 300-650 nm (Flecha et al., 1991; Oliveira and Cecchini, 2000).
The tubes were kept in the dark until the moment of the assay, which was performed
at 30°C. For each animal, a 40-min curve was obtained by interpolation (each point
represented the differential smoothing of 600 readings). Results are expressed in
relative light units (RLU) per gram tissue. The entire curve was used to determine the

lipid hydroperoxides present in the sample.

2.10. Inflammatory profile

2.10.1 Myeloperoxidase activity
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Neutrophil recruitment to the testis was determined by the myeloperoxidase
(MPO) activity. Myeloperoxidase (MPO) is an enzyme abundantly present in the
azurophilic granules of neutrophils that is used as a biochemical marker of neutrophil
infiltration into various tissues. Thus, frozen samples were homogenized as
described above and centrifuged (16 100g, 2 min, 4°C). The resulting supernatant
was assayed spectrophotometrically for MPO activity at 450 nm. Briefly, 5 mL
supernatant was mixed with 200 mL of 50 mM phosphate buffer (pH 6.0) containing
0.167 mg mL* o-dianisidine dihydrochloride and 0.015% hydrogen peroxide (Bradley
et al.,, 1982; Valério et al., 2009). MPO activity is expressed as the number of
neutrophils per mg tissue, read off a standard curve constructed over the range 196—

400 000 neutrophils.

2.10.2 N-acetyl-B-D-glucosaminidase activity

N-acetyl-B-D-glucosaminidase (NAG) activity at testis was evaluated
according to Hohmann et al. (2013). Briefly, the supernatants (20 pL) obtained for the
MPO activity assay were placed in a 96-well plate and mixed with K2HPOa buffer (80
pL, 50 mM, pH 6.0). The reaction was initiated by the addition of K2HPO4 buffer (100
uL, 50 mM, pH 6.0) containing 4-nitrophenyl N-acetyl-b-D-glucosaminidase substrate
(2.24 mM). The plate was incubated at 37°C for 10 min., and the glycine buffer (100
pL, 0.2 M pH 10.6) was added. The enzymatic activity was determined
spectrophotometrically at 400 nm (Multiskan GO Microplate Spectrophotometer,
Thermo Scientific, Vantaa, Finland). The results of the NAG activity are expressed as
the number of macrophages per mg of tissue using a standard curve of macrophages

(196—400,000 cells).
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2.10.3 Cytokine measurement

The frozen samples were homogenized in saline and centrifuged (3600 rpm,
4° C, 15 minutes) as previously described by Staurengo-Ferrari et al. (2017). The
supernatants were used to determine the levels of TNF-qa, IL-1[, IL-6 and IL-10. The
results were expressed as pg per 100 mg of tissue. All measurements were

performed using ELISA kits as per manufacturer’s instructions.

2.11. Statistical analysis

One-way analysis of variance (ANOVA) with post hoc Dunnet’s test or the non-
parametric Kruskal-Wallis test with the Dunn’s post hoc test were used, depending
on data distribution, to compare results among malathion-treated groups to control
group. The variance among the experimental groups was compared by the Bartlett’s
test. To evaluate the normal distribution, it was performed Shapiro-Wilk test. When
required, data were normalized by box-cox transformation. Variables presenting
normal distribution and homogeneity of variance were analyzed by ANOVA with an
post hoc Dunnet test. Data were presented as the mean + s.e.m. Differences were
considered significant when p < 0.05. The statistical analyses and graph design for
results were performed by GraphPad Prism for Windows (version 7.01 — GraphPad
Software, La Jolla, California, USA) and Instat (version 3.01 — GraphPad Software,

La Jolla, California, USA) programs.

3. Results
3.1. Body and testes weight
The body and teste weight (initial and final) are shown in Table 1. There were

no significant differences among the experimental groups for these parameters.
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Furthermore, no difference was observed in water and feed consumption (data not

shown).

3.2. Testosterone concentration

The plasmatic testosterone concentrations significantly decreased in rats
exposure to malathion 50 mg/kg in relation to control animals. Although M10 group
decreased about 52% in plasma testosterone concentrations, this difference was not

statistically significant. (Figure 1A).

3.3. Testicular morphometric and histopathological analyses

The seminiferous tubular diameters (C= 261.0 £ 4.37; M10= 269.5 + 4.84;
M50= 257.2 + 4.30 - um; Media £ S.E.M.) and seminiferous epithelium height (C=
79.4 + 1.12; M10= 75.7 + 1.20; M50= 78.6 + 1.38 - um; Media + S.E.M.) of testes
from malathion-treated animals did not differ from the control group. On the other
hand, the number of Sertoli (Table 2) and Leydig cells (Figure 1B) decreased in
animals exposed to the malathion.

The histopathological analysis (Figure 2) in testis showed that animals treated
with malathion showed abnormalities in the seminiferous tubules such as epithelium
vacuolization (Figure 2 C and E), immature germ cells in the tubular lumen (Figure 2
D and F) and seminiferous epithelium disruption (Figure 2F). M10 and M50 groups
had an increase in the number of abnormal seminiferous tubules compared to control

group (p<0.01) (Figure 2 G).

3.4. Spermatogenesis kinetics
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The results are given in Table 3. The exposure to malation 10 mg/kg lead to a
significant increase of seminiferous tubules in stages I-VI and XIV. Furthermore, both
malathion doses induced a significant reduction in the number of seminiferous
tubules in stages VII and VIII whereas the number of seminiferous tubules at stages

IX to Xl of spermatogenesis was increased compared to control group.

3.5 Sperm parameters: number of spermatozoa, DSP and sperm
morphology

The malathion, in both the doses, decreased the sperm number and daily
sperm production (DSP) in the testis when compared with the control group (Table
2). Furthermore, the number of abnormal spermatozoa was significantly greater in
M10 and M50 groups compared to control group (Figure 3). The major morphologic
abnormalities found in spermatozoa were heads without the characteristic curvature
and broken tail; about threefold and fivefold higher, respectively, in the malathion-

treated groups.

3.6 Oxidative stress status in testis
Malathion exposure at higher dose (50 mg/kg) induced a significant increase
in the CL curve compared to control group reflecting the increased lipid peroxidation
in the tissue. The M10 group did not show differences in CL curve in relation to

control group (Figure 4).

3.7 Inflammatory profile in testis
There were no significant differences in neutrophil and macrophage

recruitment between malathion-treated and control groups (Figure 5 A and B). The
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levels of TNF-a (Figure 5 C), IL-1pB (Figure 5 D) and IL-6 (Figure 5 E) were similar
among the experimental groups. On the other hand, the malathion (10 mg/kg)
induced an increase in IL-10 level in the testis compared to control group. The IL-10

level of M50 group did not differ from control group (Figure 5 F).

4. Discussion

In the present study, we found that malathion acts as an endocrine disruptor
for reducing testosterone concentration after M50 oral exposition in rats. The
interference by endocrine disruptors during critical development periods can results
in permanent alterations in adult life (Chapin, 1997). The testosterone reduction is
directly related to decrease in Leydig cells which are the major contributor of
androgen synthesis, playing an essential role in testicular development and
maintenance of spermatogenesis (Martin, 2016). Leydig cells proliferate from
peripubertal to adult stages of development and the adult population of these cells is
stablished by the end of puberty (Teerds and Rijntjes, 2007). The increase in
androgen synthesis is critical for normal sexual development and function (Kaukua et
al., 2003). Therefore, dysfunction on this cell type may impair the morphophysiology
of the male reproductive system such as showed in the present study.

Choudhary et al. (2008) and Geng et al. (2015) showed a maintenance in
testosterone concentration in adult male rats treated with 50 mg kg * b. w. and 54 mg
kg ** b. w. of malathion respectively for 60 days. On the other hand, both studies
observed a reduction in testosterone concentration when rats received 250 mg kg *
b. w. (Choudhary et al., 2008) or 108 mg kg * b. w. (Geng et al., 2015) of malathion

for the same period. The different results in relation to the dose of 50 mg kg * b. w.
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used in the present study and other similar doses is probably due to the major
susceptible of the juvenile and peripubertal periods than the adulthood. Furthermore,
rats exposed to malathion during prepubertal period at fourfolder dose (200 mg kg
b. w.) than our study showed a decrease on plasma testosterone concentration
(Selmi et al., 2015). In this sense, it was showed that an organophosphorus
herbicide, the molinate, inhibit at least one type of esterase in Leydig cell, important
in mobilization of cholesterol esters required for testosterone biosynthesis (Jewell
and Miller, 1998). Probably, this esterase activity was more susceptible to malathion
50 mg/kg than 10 mg/kg exposure.

The reduction on sperm count in testis and in sperm daily production is related
to alterations on spermatogenesis kinetics, noted by the reduction in stages VII and
VIII - which corresponds to seminiferous tubules in spermiation process. It suggests
that the toxicant acts retarding the process of spermatogenesis and sperm release,
which agree with an increase on tubules on stages IX to XllI which present one
generation of spermatids. Corroborating our study, Selmi et al. (2015) using a model
of prepubertal exposure to malathion (200 mg kg * b. w. for 30 days) also showed a
reduction in sperm count in testis. Furthermore, Seif et al. (2014) observed that adult
rats exposed to malathion (27 mg kg * b. w., 12 weeks) showed a reduction in sperm
count which corroborates the present results.

Once spermatogenesis is regulated by testosterone (Walker and Cheng,
2005), the reduction of testosterone concentration observed in our study reflects the
alterations on this process. Furthermore, the Sertoli cells plays some essential
functions which are required to occur the spermatogenesis (Foley, 2001). Therefore,
alterations in number and function of these cells may compromise the

spermatogenesis process (Boekelheid et al., 2005). The reduction in Sertoli cells
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number noted in the present study have probably compromised the spermatogenesis
which reflected in the sperm counts.

It is well known that levels of androgen receptor (AR) in Sertoli cells increases
in stages VI-VII of the spermatogenic cycle and decline after stage VII (Bremner et
al., 1994; Vornberger, 1994). Thus, the stage VIl is most regulated and sensitive to
testosterone (Kerr et al., 1992), what may also explain the reduction of seminiferous
tubules in stage VII of spermatogenesis in the present study. Previous study showed
that besides germ cells (Mruk and Cheng, 2004), Sertoli cells are also required for
retention of Leydig cell population (Rebourcet et al., 2014). Therefore, Sertoli cells
may be a direct target of malathion, and the disorders in Sertoli or Leydig cells may
impair each other.

Since Sertoli cells are required to development and maintenance of
seminiferous epithelium, the reduction observed in this cell type may be related to the
presence of abnormalities in seminiferous tubules evidenced in the present study, as
vacuoles in epithelium and round cell in the lumen. Corroborating our study, Penna-
Videau et al. (2012) noted the presence of vacuoles in the cytoplasm of Sertoli cells
in malathion (241 mg kg * b. w.) treated mice, 8 days after the toxicant
administration. Another study also observed abnormalities in seminiferous tubules
after malathion exposure (200 mg kg * b. w.) for 30 days during prepubertal period
(Selmi et al.,, 2015). Geng et al. (2015) suggests that the effect of malathion on
seminiferous tubules are dose-dependent: more severe alterations in seminiferous
epithelium, including vacuolization in Sertoli cells cytoplasm, were observed at doses
54 and 108 mg kg ! b. w., whereas 33.75 mg kg ! b. w. showed mild testicular

changes in adult rats.



61

As result of affected epithelium seminiferous and spermatogenesis, we
showed an increase in the percentage of abnormal sperm. Espinoza-Navarro and
Bustos-Obregon (2014) observed teratospermic types in adult male rats treated with
170 mg malathion/kg b. w. via subcutaneous injection for 13 days. Other study
showed a reduction in normal sperm forms from pubertal mice after 3 high-doses of
malathion (500 mg kg * b. w.) via gavage (Slimen et al., 2014). On the other hand,
although Geng et al. (2015) showed an increase in sperm dysmorphology rates in
animals exposed to malathion at 54 and 108 mg kg " b. w. for 60 days, this alteration
was not observed at 33.75 mg kg * b. w. In contrast to these results, the present
study showed an increase in the abnormal sperm even in the lower dose (10 mg kg !
b.w.), thus evidencing the more susceptibility of peripubertal period.

Although we found histological alterations after malathion exposure, the testis
morphometry kept unaltered. It may also be observed in a study which adult mice
were injected with a single dose of malathion (241 mg kg* b. w.) and there was no
alteration in morphometric parameters in stage IX seminiferous tubules (Penna-
Videau et al., 2012). Furthermore, this unalteration corroborates with the weight testis
observed in the present study, which did not differ after both malathion exposures in
relation to control group. In contrast, adult male rats showed decrease on testicular
weight after malathion exposure at higher dose (170 mg kg ' b. w.) during 13 days
via subcutaneous route (Espinoza-Navarro and Bustos-Obregon, 2014). It shows that
the action of malathion upon testis weight were dose dependent, despite the
exposure period.

The literature suggests that the decrease of cellular energy supply in oxidative
stress conditions by shutdown mitochondrial function contributes to apoptosis

(Kannan and Jain, 2000). It has been shown that malathion may generate oxidative
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stress in testis (Sharma and Alka, 2013; Slimen et al., 2014; Selmi et al., 2015) and
disbalance the BAX and BCL-2 protein expression which appoints to apoptosis
(Geng et al., 2015). Since the Leydig cell number decreased in M50 group, we relate
this event to the increased lipid peroxidation observed in the tissue. The oxidative
stress may be the major damage mechanism to these cell type, leading to sequential
disruptions on testis and sperm. Likewise, Hales et al. (2005) found that oxidative
stress was capable of disrupting the steroidogenic capacity of Leydig cells. An in vitro
study also showed that H202, an important active reactive oxygen specie, induced
apoptosis of Leydig cells and consequently decrease the testosterone production
(Gautam et al., 2006).

Furthermore, oxidative stress may also occur in Sertoli cells, which are
necessary to spermatogenetic process, being over again the mechanism of toxicity of
malathion. Studies valuing malathion exposure in higher doses (500 and 200 mg/kg
b.w.) showed oxidative stress in testis and decrease on antioxidant enzymes (Selmi
et al., 2015; Slimen et al., 2014). In vitro study also showed that goat testis exposed
to malathion (100 ng/mL) showed a reduction in antioxidant profile (Sharma and Alka,
2013). The literature did not hesitate to affirm that oxidative stress may disrupt the
capacity of the seminiferous epithelium to produce normal sperm (Naughton et al.,
2001), which confirm again the highly vulnerability of testes to oxidative stress.
Knowing that oxidative stress is a major factor in the male infertility aetiology (Aitken
and Roman, 2008), the increase in lipid peroxidation demonstrated in the present
study may direct or indirectly compromise the sperm quality.

On the other hand, the malathion at lower dose (10 mg/kg b.w.) did not lead to
oxidative stress and reduction of testosterone concentration. Animals from this group

also showed an increase in IL-10 levels, an anti-inflammatory cytokine. It was
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reported that IL-10 reduced testicular damage caused by oxidative stress (Ozturk et
al., 2014) and Bilbao et al. (2009) reported the ability of IL-10 to increase GSH levels,
an important antioxidant enzyme. Thus, IL-10 may mainly acts through indirectly
inducing antioxidant property. Furthermore, high levels of IL-10 has been associated
with reduced levels of inflammation (Watanabe et al., 2005), corroborating our study
that presented normal macrophages activation and pro-inflammatory cytokines
levels.

Thereby, the exposure to low doses of malathion during the postnatal
development led to a testicular toxicity. It was noted by the alterations in the normal
testicular morphology reducing the Sertoli and Leydig cell number and increasing
histopathological abnormalities. Thus, the testicular function was compromised
altering the spermatogenesis kinetics. As results of these alterations, the sperm
count and sperm morphology were also changed, which appoints to malathion, even

in lower doses, as a disruptor of testicular development.

5. Conclusion

In conclusion, low doses of malathion impair the testicular development and
sperm parameters in rats exposed during juvenile and peripubertal periods.
Furthermore, we evidenced that the oxidative stress was the mechanism of toxicity of

malathion by reducing testosterone concentration at the higher dose.
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Legend of tables

Table 1

Effects of peripubertal exposure to malathion at different doses on body
and testis weight

Data are the mean + s.e.m. One-way ANOVA test with a posteriori Dunnet’s
test. **p<0.05. M10 - rats treated with 10 mg kg-1 malathion; M50 - rats treated with
50 mg kg-1 malathion

Table 2

Effects of peripubertal exposure to malathion at different doses on
sperm counts in the testis and Sertoli cells number

Data are the mean * s.e.m. !One-way ANOVA test with an a posteriori
Dunnet’s test. 2Kruskal-Wallis test with the post hoc Dunn’s test. ***p < 0.001. M10 -
rats treated with 10 mg kg-1 malathion; M50 - rats treated with 50 mg kg-1 malathion.

Table 3

Effects of peripubertal exposure to malathion at different doses on
spermatogenesis kinetics

Values expressed as mean * s.e.m. One-way ANOVA test with an a posteriori
Dunnet’s test. *p < 0.05; **p < 0.001 ***p < 0.0001. M10 - rats treated with 10 mg kg-
1 malathion; M50 - rats treated with 50 mg kg-1 malathion.
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Legend of figure

Figure 1 — Plasma testosterone concentration and number of Leydig
cells from animals exposed to vehicle or malathion at 10mg/kg or 50 mg/kg. (A)
Testosterone concentration (ng/dL). (B) Number of Leydig cells in the
interstitium of the testis.

Values are expressed as mean = s.e.m. *p < 0.05; *** p < 0.0001. One-way
ANOVA test, with the post hoc Dunnett’s test. M10 - rats treated with 10 mg kg-1
malathion; M50 - rats treated with 50 mg kg-1 malathion.

Figure 2 — Histopathological analysis of seminiferous epithelium in testis
from animals exposed to vehicle or malathion at 10mg/kg or 50 mg/kg.

Photomicrograph of testis section from control (A,B), M10 (C,D) and M50 (E,F)
groups. (A and B) Observe the normal aspect of the seminiferous epithelium. (C and
E) Shows vacuoles in seminiferous epithelium (arrow). (D and F) Note the presence
of round germ cells in testis lumen (arrowhead) and (F) disruption of seminiferous
epithelium (asterisk). (G) Abnormal seminiferous tubules. M10 - rats treated with 10
mg kg-1 malathion; M50 - rats treated with 50 mg kg-1 malathion. L, lumen; Ep,
epithelium; It, interstitial tissue. Hematoxylin and eosin stain. Values expressed as
mean * s.e.m. *p < 0.05 ***p < 0.001. ANOVA test, with the post hoc Dunn’s test.

Figure 3 — Sperm morphology from animals exposed to vehicle or
malathion at 10mg/kg or 50 mg/kg.

Values are expressed as mean + s.e.m. **p < 0.01. One-way ANOVA test,
with the post hoc Dunnett’s test. M10 - rats treated with 10 mg kg-1 malathion; M50 -
rats treated with 50 mg kg-1 malathion.

Figure 4 — Oxidative stress status assay in testis from animals exposed
to vehicle or malathion at 10mg/kg or 50 mg/kg. Tert-butyl hydroperoxide-
initiated chemiluminescence (CL) was monitored over a period of 40 minutes
and plotted in an entire curve of the mean of 2400 readings of emitted light.

Data are the mean £ s.e.m. ***p < 0.0001 compared with control. All curves
were used for statistical analysis compared by two-way ANOVA test followed by
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Dunnett’s test. RLU, relative light units. M10 - rats treated with 10 mg kg-1 malathion;
M50 - rats treated with 50 mg kg-1 malathion.

Figure 5 — Inflammatory profile of testis from animals exposed to vehicle
or malathion at 10mg/kg or 50 mg/kg. Number of neutrophils (A) and
macrophages (B) in testis measured by myeloperoxidase (for neutrophils) and
N-acetyl-b-D-glucosaminidase (for macrophages) activity. Levels of TNF-a (C),
IL-1B (D), IL-6 (E) and IL-10 (F).

Values are expressed as mean * s.e.m. *p < 0.05. One-way ANOVA test, with
the post hoc Dunnett’s test. M10 - rats treated with 10 mg kg-1 malathion; M50 - rats
treated with 50 mg kg-1 malathion.
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Table 1. Effects of peripubertal exposure to malathion at different doses on

body and testis weight

Experimental groups

Parameters Control M10 M50
(n=10) (n=10) (n=10)

Body weight (g)

Initial 52.79 + 2.23 54.13 + 2.34 49.79 + 1.55
Final 264.2 +12.78 271.3  5.82 254.9 + 9.65
Testis weight (g) 1.38+0.04 1.3520.05 1.28+0.06

Data are the mean + s.e.m. One-way ANOVA test with a posteriori Dunnet’s test.
**p<0.05. M10 - rats treated with 10 mg kg* malathion; M50 - rats treated with 50 mg
kg malathion
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Table 2. Effects of peripubertal exposure to malathion at different doses on

sperm counts in the testis and Sertoli cells number

Experimental groups

Control (n=9) M10 (n=9) M50 (n=10)
Sperm count
Mature spermatid 120.0 £5.69 91.2 £4.88 *** 84.4 £4.17 ***
number (x108/testis)
!Daily sperm 19.7+£0.93 14.9 +£ 0.80 *** 13.8 £ 0.68 ***
production
(x108/testis/day)
2Sertoli cells number 28.3+£0.40 21.3 £ 0.33 *** 21.1 £ 0.28 ***

Dare the mean = s.e.m. 1One-way ANOVA test with an a posteriori Dunnet'’s test.
2Kruskal-Wallis test with the post hoc Dunn’s test. ***p < 0.001. M10 - rats treated
with 10 mg kg-1 malathion; M50 - rats treated with 50 mg kg-1 malathion.
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Table 3. Effects of peripubertal exposure to malathion at different doses on

spermatogenesis kinetics

Experimental groups

Control (n=5) M10 (n=5) M50 (n=5)
Stages I-VI 28.20 + 0.66 35.80+1.96* 33.60+2.77
Stages VII-VIII 47.80+1.46 24.20+4 .56*** 28.40+2.38**
Stages IX-XIII 22.00+1.38 35.60+4.21* 37.60+2.94**
Stage XIV 2.00+0.63 4.60+0.60* 2.40+0.60

Values expressed as mean + s.e.m. One-way ANOVA test with an a posteriori
Dunnet’s test. *p < 0.05; **p < 0.01; ***p < 0.001. M10 - rats treated with 10 mg kg-1
malathion; M50 - rats treated with 50 mg kg-1 malathion.
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Figure 1 — Plasma testosterone concentration and number of Leydig cells from
animals exposed to vehicle or malathion at 10mg/kg or 50 mg/kg. (A)
Testosterone concentration (ng/dL). (B) Number of Leydig cells in the
interstitium of the testis. Values are expressed as mean = s.e.m. *p < 0.05; **** p <
0.0001. One-way ANOVA test, with the post hoc Dunnett’s test. M10 - rats treated
with 10 mg kg-1 malathion; M50 - rats treated with 50 mg kg-1 malathion.
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Figure 2 — Histopathological analysis of seminiferous epithelium in testis from
animals exposed to vehicle or malathion at 10mg/kg or 50 mg/kg.
Photomicrograph of testis section from control (A,B), M10 (C,D) and M50 (E,F)

groups. (A and B) Observe the normal aspect of the seminiferous epithelium. (C and
E) Shows vacuoles in seminiferous epithelium (arrow). (D and F) Note the presence
of round germ cells in testis lumen (arrowhead) and (F) disruption of seminiferous
epithelium (asterisk). (G) Abnormal seminiferous tubules. M10 - rats treated with 10
mg kg-1 malathion; M50 - rats treated with 50 mg kg-1 malathion. L, lumen; Ep,
epithelium; It, interstitial tissue. Hematoxylin and eosin stain. Values expressed as
mean £ s.e.m. *p < 0.05 ***p < 0.001. ANOVA test, with the post hoc Dunn’s test.
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Figure 3 — Sperm morphology from animals exposed to vehicle or malathion at
10mg/kg or 50 mg/kg.

Values are expressed as mean + s.e.m. **p < 0.01. One-way ANOVA test, with the
post hoc Dunnett’s test. M10 - rats treated with 10 mg kg-1 malathion; M50 - rats
treated with 50 mg kg-1 malathion.
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Figure 4 — Oxidative stress status assay in testis from animals exposed to
vehicle or malathion at 10mg/kg or 50 mg/kg. Tert-butyl hydroperoxide-initiated
chemiluminescence (CL) was monitored over a period of 40 minutes and
plotted in an entire curve of the mean of 2400 readings of emitted light.

Data are the mean = s.e.m. ****p < 0.0001 compared with control. All curves were
used for statistical analysis compared by two-way ANOVA test followed by Dunnett’s
test. RLU, relative light units. M10 - rats treated with 10 mg kg-1 malathion; M50 -
rats treated with 50 mg kg-1 malathion.
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Figure 5 — Inflammatory profile of testis from animals exposed to vehicle or
malathion at 10mg/kg or 50 mg/kg. Number of neutrophils (A) and
macrophages (B) in testis measured by myeloperoxidase (for neutrophils) and
N-acetyl-b-D-glucosaminidase (for macrophages) activity. Levels of TNF-a (C),
IL-1B (D), IL-6 (E) and IL-10 (F).

Values are expressed as mean + s.e.m. *p < 0.05. One-way ANOVA test, with the
post hoc Dunnett’s test. M10 - rats treated with 10 mg kg-1 malathion; M50 - rats
treated with 50 mg kg-1 malathion.
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Abstract

Malathion is an organophosphate pesticide widely used on agricultural feed
crops and for vector control of Aedes aegypt in outbreak of diseases caused by
dengue, chikungunya and zika virus. The humans are exposed to this environmental
contaminant through ingestion of contaminated water and food. The juvenile and
peripubertal is critical for postnatal development of epididymis, being a large window
of vulnerability to toxic agents. Therefore, the present study aimed to evaluate the
effects of malathion on epididymal development during juvenile and peripubertal
period of rats. Male Wistar rats were daily exposed to malathion via gavage at doses
of 10 mg kg (M10 group) or 50 mg kg?* (M50 group) for 40 days (postnatal day
(PND) 25-65). The control group received vehicle (saline 0.9%) under same
conditions. On PND 40, the epididymis were removed, weighed and divided into
caput/corpus and cauda sections. Sperm from vas deferens were subject to sperm
motility analysis. The epididymis were used for sperm count, histopathological and
stereological evaluation, determination of inflammatory cell enzymatic profile,
cytokine levels and lipid peroxidation. Exposure to malathion 50 mg kg* provoked
tissue remodeling in caput and cauda epididymis and an increase in neutrophil and
macrophages migration in caput epididymis. The percentage of immotile
spermatozoa and the IL-6 level in the caput epididymis was decreased after
malathion 10 mg kg exposure. Furthermore, both doses decreased IL-1f and led to
morphological alterations in the same region. These results showed that malathion
exposure may impair postnatal epididymal development by alterations of immune

system.

Keywords: Epididymis, malathion, cytokines, oxidative stress
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1. Introduction

It has been known that external factors may impair the epididymal function,
especially environmental pollutants (Elzanaty et al., 2006; Ogo et al., 2017; Rignell-
Hydbom et al.,, 2005). Environmental pollution from pesticides is often reported.
Through pollution, humans are exposed to pesticide contaminated food, inhalation of
contaminated air or skin contact (Nash et al., 2004). Malathion is an
organophosphate pesticide widely used on agricultural food and feed crops (EPA,
2006), to treat head lice on humans (ATSDR, 2003) and lately, for vector control,
especially Aedes spp, in outbreaks of disease caused by dengue, chikungunya and
zika virus (WHO, 2016).

In 2003, The Agency for Toxic Substances and Disease Registry (ATSDR)
suggested that malathion did not show toxicity to male reproductive system (ATSDR,
2003). However, studies have shown that malation in higher doses than the present
study decreased epididymis weight (Choudhary et al., 2008; Espinoza-Navarro and
Bustos-Obregén, 2014; Slimen et al., 2014), sperm motility (Choudhary et al., 2008;
Slimen et al., 2014; Selmi et al., 2015), sperm count in epididymis (Choudhary et al.,
2008; Espinoza-Navarro and Bustos-Obregon, 2014; Slimen et al., 2014; Selmi et al.,
2015) and altered oxidative status (Slimen et al., 2014; Selmi et al.,, 2015) in
epididymis of adult or prepubertal animals.

During juvenile and peripubertal period (PND 22-65 in rats), occurs the
maturation of the hypothalamic-pituitary-testicular axis and the beginning of the
reproductive cycle (Ojeda et al., 1980). Furthermore, between PND 16 and 44, the
narrow and columnar epididymal cells differentiates, followed by an expansion period

(Sun and Flickinger, 1979). Between PND 49 and 63, occurs the first increasing on
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epididymal weight (Scheer and Robaire, 1980). Thus, this period is a window of
major susceptible to toxic agents to epididymis.

It has been estimated that about 7% of cases of male infertility have an
inflammatory involvement, including epididymitis (Schuppe et al., 2008; Weidner et
al., 2002). However, the relation between male reproductive system and immune
system is poorly understood (Hedger, 2011), including after malathion exposure.
Lasram et al. (2014), after liver evaluation, showed that malathion exposure (200 mg
mL?1 b.w.; 28 days) in adult male mice increased the number of leukocytes and
neutrophils, the pro-inflammatory cytokines levels (IL-1B, IL-6 and INF-y), the lipid
peroxidation index and decreased antioxidant status in the organ.

According to literature, the major toxicity mechanism of malathion on central
nervous system is the lipid peroxidation and the decrease in antioxidant enzymes
levels (Brocardo et al., 2005; Fortunato et al., 2006). On male reproductive tract,
malathion (200 mg mL* b.w.) also lead to an increase on oxidative stress and a
decrease on antioxidant, even in adult or prepubertal animals (Slimen et al., 2015).
However, there are no studies relating oxidative stress and reproductive disorders
after exposure to lower doses of malathion during juvenile and peripubertal periods.

Although there are some studies assessing the malathion exposure in rats
related to damage due to oxidative stress, no study has shown the association
between the immune system, oxidative stress and malathion exposure during post-
natal epididymal development. Furthermore, the present study used lower doses of
malathion exposure in relation to the previous studies of scientific literature. Thus, the
aim of the study was to evaluate whether exposure to low doses of malathion during

juvenile and peripubertal period could impair epididymal development in rats.
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2. Material and methods

2.1. Animals and experimental conditions

Juvenile male Wistar rats postnatal day 21 (PND21) and a body weight of
around 52 g were provided by the Central Animal House, Londrina State University
(CCB - UEL), Parana, Brazil. The animals were acclimated to their new environment
(at the Animal House of Laboratory of Toxicology and Metabolic Dysfunction of the
Reproduction) for 4 days right before the experiments commenced. During the
experimental period, rats were placed into polypropylene cages (43 x 30 x 15 cm)
with laboratory grade pine shavings as bedding and maintained under controlled light
condition (12-h light-dark cycle; lights off 07:00 hours) and temperature (+ 23°C).
Rats had free access to standard commercial laboratory chow and drinking water.
Animal care and handling procedures were in accordance with EPA guidelines for
Reproductive Toxicity Risk and it was approved by the Ethics Committee on Animal

Use of State University of Londrina (CEUA/UEL protocol number 12305.2016).

2.2. Experimental design

The animals were randomly assigned into three experimental groups (n=15
animals per group): a control group (C), one group treated with malathion 10 mg kg
body weight (b.w.) (M10) and another group treated with malathion 50 mg kg? b.w.
(M50). The malathion doses were adapted from Geng et al. (2015) and administered
from PND 26 to 65. The M10 and M50 doses are stands for 0.5 and 2.5% of oral
LDso for adult male rats, respectively (EPA, 2000). Therefore, the doses used in the
present study are considered to be low doses for male rats. Furthermore, the doses
were lower than the NOAEL (adverse effect level not observed) dose (130 mg kg

b.w.) for reproductive toxicology in rats (FAO, 1997). The peripubertal period was
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selected according to Ojeda et al. (1980). Thus, the animals were treated orally
(gavage) with either 10 or 50 mg kg malathion (dietil-dimetoxitiofosforiltio; CAS no.
121-75-5; Cheminova; diluted in 0.9% saline) or vehicle solution (control group). The

groups were treated daily during 40 consecutive days.

2.3. Epididymis and sperm collection

At the end of treatment, rats were intraperitoneally anesthetized with a
combination of ketamine 75mg/kg (Sedomin® 10%, Avellaneda, Argentina) and
xylazine 10 mg/kg (Anasedan®, Paulinia, Brazil), weighed and euthanized by cardiac
puncture. The epididymis were removed and weighed (n=10 rats per group). Right
epididymis was used for determining sperm counts (n=10 per group) and
histopathological and stereological analysis (n=5 per group). Left epididymis was
used in the lipid peroxidation evaluation (n=6 per group) and to determine the
inflammatory profile (n=6 per group). Spermatozoa from the left vas deferens were

subjected to sperm motility analysis (n=10 per group).

2.4. Sperm number and transit time in the epididymis

To evaluate daily sperm production (DSP), the right epididymis were
decapsulated, weighed and homogenized in 5 mL of NaCl 0.9% containing Triton x
100 0.5% (Sigma-Aldrich Co.®) according to the method described by Robb et al.
(1978), with adaptations as described by Siervo et al. (2015). After 10-fold dilution of
the homogenate, a small sample volume was transferred to a Neubauer chambers,
and late spermatozoa were counted (four fields per animal). To calculate sperm
transit time through the epididymis, the number of sperm in each portion was divided

by the DSP — daily sperm production.
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2.5. Sperm motility

Sperm motility was evaluated according to methods described by Siervo et al.
(2015). Briefly, the left vas deferens was rinsed with 1.0 mL modified human tubal
fluid (HTF) medium with gentamicin (Irvine Scientific) at 34°C-36°C to obtain
spermatozoa. A warmed Makler counting chamber (Sefi-Medical, Haifa, Israel) was
loaded with 10 pL of the aliquot of sperm solution. Sperm motility was assessed by
visual estimation (100 spermatozoa per animal) under a light microscope (Motic) at
x100 magnification and was performed by the same person throughout the study.

Spermatozoa were classified as mobile or immobile.

2.6. Morphometric and histopathological analyses

The left epididymis was removed and fixed in Metacarn solution (10% acetic
acid, 60% methanol and 30% chloroform) for 3 hours at 30°C. The epididymis was
embedded in Paraplast® and sectioned at 5um. The sections were stained with
hematoxylin and eosin (HE) and examined under light microscopy for
histopathological and stereological analysis as described by Favareto et al. (2011).

The histopathological inspection was conducted using epididymal cross-
section of caput and cauda of each animal were evaluated qualitatively using an
Opton microscope (x100 and x400 magnification). In the stereological analysis, 10
random epididymal cross-sections per animal of caput (Region 2A) and cauda
(Region 5A/B) epididymis (Miller and Killian, 1987) were captured using a
photomicroscope (Opton) and BELView version 6.2.3.0 (BEL Engineering) for
Windows at a magnification of x400 and analyzed. This analysis was performed by

means using Weibel's multipurpose graticule with 168 points (Weibel, 1963) to



90

compare relative proportions among the epididymal components (epithelium, stroma
and lumen) in the experimental groups (50 section per group for each epididymal

region).

2.7. Determination of lipid peroxidation

The left epididymis was divided into caput and cauda and was prepared
according to the methods described by Zimiani et al. (2005). Briefly, the tissue was
homogenized for 45 s in an Ultraturrax homogenizer (Marconi) containing 50mg mL"!
tissue in 30mM KH2POs4 and K2HPO4 buffer and 120mM KCI at pH 7.4. The
homogenates were centrifuged at 11 000g for 15min at 4°C and the supernatant
used for the measurement of tert-butyl hydroperoxide-initiated chemiluminescence.
For this, reaction mixtures were placed in Iluminescence tubes containing
homogenate from the caput and cauda epididymis (50 mg mLt) (Siervo et al., 2017),
30 mM KH2PO4 and K2HPO4 buffer (with 120 mM KCI, pH 7.4) and 6 mM tert-butyl
hydroperoxide in a final volume of 1 mL. Tert-butyl hydroperoxide-initiated
chemiluminescence (CL) was assessed using a luminometer (Promega) with a
response range of 300-650 nm (Flecha et al., 1991; Oliveira and Cecchini, 2000).
The tubes were kept in the dark and in controlled temperature (30°C) until the
moment of the assay. For each animal, a 40-min curve was obtained by interpolation
(each point represented the differential smoothing of 600 readings). Results are
expressed in relative light units (RLU) per gram tissue. The entire curve was used to

determine the lipid hydroperoxides present in the sample.
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2.8 Inflammatory profile

2.8.1 Myeloperoxidase activity

Neutrophil recruitment to the epididymis was determined by the
myeloperoxidase (MPO) kinetic-colorimetric assay (Bradley et al., 1982; Casagrande
et al., 2006). Thus, epididymis was separated at the caput/corpus and cauda and the
frozen samples were homogenized using a Tissue Tearor (BioSpec, Bartlesvillle,
Oklahoma, USA) in ice-cold K2HPO4 buffer (400 pL, 50 mM, pH 6.0) containing
HTAB (0.5% weight/volume). The homogenates were centrifuged (16 100g, 2 min,
4°C) and the supernatants (30 pL) were mixed with K2PO4 buffer (200 pL, 50 mM, pH
6.0) and hydrogen peroxide (0.05%, v/v) and placed in a 96-well plate. The
absorbance was determined after 5 min at 450 nm (Multiskan GO Microplate
Spectrophotometer, Thermo Scientific, Vantaa, Finland). MPO activity is expressed
as the number of neutrophils per mg tissue, read off a standard curve constructed

over the range 196—400 000 neutrophils.

2.8.2 N-acetyl-B-D-glucosaminidase activity

N-acetyl-B-D-glucosaminidase (NAG) activity at epididymis was evaluated as
previously described by Hohmann et al. (2013). Firstly, the supernatants (20 pL)
obtained for the MPO activity assay were placed in a 96-well plate and mixed with
K2HPO4 buffer (80 uL, 50 mM, pH 6.0). The reaction started by the addition of
K2HPO4 buffer (100 pL, 50 mM, pH 6.0) containing 4-nitrophenyl N-acetyl-b-D-
glucosaminidase substrate (2.24 mM). The plate was incubated at 37°C for 10 min.,
and then, the glycine buffer (100 pyL, 0.2 M pH 10.6) was added. The enzymatic
activity was determined spectrophotometrically at 400 nm (Multiskan GO Microplate

Spectrophotometer, Thermo Scientific, Vantaa, Finland). The results of the NAG
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activity are expressed as the number of macrophages per mg of tissue using a

standard curve of macrophages (196—400,000 cells).

2.8.3 Cytokine measurement

The frozen samples were homogenized in saline and centrifuged (3600 rpm,
4° C, 15 minutes) according to Staurengo-Ferrari et al. (2017). The supernatants
were used to determine the levels of TNF-a, IL-1p, IL-6 and IL-10. All measurements
were performed using ELISA kits as per manufacturer’s instructions. The results were

expressed as pg per 100 mg of tissue.

2.9. Statistical analysis

The parameters were submitted to the Shapiro-Wilk test for normality and
classified into parametric and non-parametric data. The variance among the
experimental groups was compared by the Bartlett’s test. When required, data were
normalized by box-cox transformation. The results from malathion-treated groups
were compared to control group by one-way analysis of variance (ANOVA) with post
hoc Dunnet’s test. Differences were considered significant when p < 0.05. The
statistical analyses and graph design for results were performed by GraphPad Prism
for Windows (version 7.01 — GraphPad Software, La Jolla, California, USA). Data are

presented in the text as the mean + s.e.m..
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3. Results

3.1. Weight of epididymis, sperm motility, sperm number and sperm
transit time in the epididymis

Table 1 shows the epididymal weight, sperm motility, sperm number and
sperm transit of the caput/corpus and cauda epididymal portions. Exposure to
malathion did not alter significantly the epididymal weight in relation to control group.
The treatments did not show any alteration in sperm count and transit time in both
epididymal regions. On the other hand, the exposition to the lower dose (10 mg kg %)

increased the percentage of immobile spermatozoa.

3.2. Histopathological and stereological analyses of the epididymis

Histopathological analysis (Figure 1) showed the presence of vacuoles (Figure
1 B and C) on epithelium of caput epididymis and of multinucleated cells (Figure 1 B
and D) in the same epididymis region after both malathion treatments. On the other
hand, cauda region was not susceptible to malathion in this parameter (Figure 1 E-F).

Stereological analysis (Table 2) showed that animals exposed to malathion 50
mg/kg had an increase on percentage of the stromal compartment of caput region
and a decrease in lumen compartment of cauda region in relation to control group.
The toxicant at the lower dose did not alter the compartments of caput or cauda

epididymis.

3.3. Inflammatory profile: MPO and NAG activity and cytokine levels
The evaluation of MPO and NAG activity (Figure 2) showed that the malathion
at dose 50 mg kg * increased the neutrophil (Figure 2A) and macrophage (Figure

2C) recruitment in caput region, whereas the lower dose did not share the same
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results. However, both malathion doses did not alter MPO (Figure 2B) and NAG
(Figure 2D) levels in cauda region in relation to control group

Figure 3 shows the levels of TNF-a (Figure 3A and B), IL-1B (Figure 3C and
D), IL-6 (Figure 3E and F) and IL-10 (Figure G and H). The levels of IL-1 on caput
epididymal were reduced in animals exposed to both malathion doses, whereas the
IL-6 levels decreased just after exposure to malathion 10 mg kg 1. These alterations
were not observed in cauda region. IL-10 and TNF-a levels were not altered regard

of the doses or epididymal regions.

3.4. Oxidative stress in the epididymis

The lipid peroxidation levels on epididymis regions is presented in the figure 4.
Malathion treatments did not alter the chemiluminescence (CL) curves in caput or
cauda epididymis when compared to control group. It showed that malathion did not

lead to lipid peroxidation in both epididymis regions.

4. Discussion

The present study shows that exposure to low doses of malathion during
juvenile and peripubertal period impairs epididymal development by increasing
inflammatory response.

Due to the immunoprivileged environment of the testes, the epididymis usually
presents more susceptibility to inflammatory and autoimmune responses in relation to
testes (Hedger, 2011). Studies observed in epididymitis greater number of
macrophages and T lymphocytes in proximal epididymal regions than in distal
regions of the tissue (Flickinger et al., 1997; Nashan et al., 1989). In our study, the

increase in neutrophil and macrophages migration to caput epididymis after
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malathion 50 mg kg exposure demonstrated that there were some tissue injury and
these cells were involved in an inflammatory process. It has been described that
macrophages in epididymal lumen have the role to phagocyte abnormal sperm
(Hedger, 2011; Robaire et al., 2006). Furthermore, Serre and Robaire (1999)
reported that the increase in lymphocytes number specially in proximal epididymis
were related to spermatic disturbance in Brown Norway rats. The literature is clear in
showing that malathion in higher doses than the present study may lead to
alterations in normal sperm morphology (Espinoza-Navarro and Bustos-Obregon,
2014; Selmi et al., 2015; Slimen et al., 2014). From this, the increase on the immune
cells on caput epididymis is probably a mechanism to phagocyte abnormal sperm
resulted of an altered spermatogenesis and tissue injury.

Previous study from our group (Ogo et al., 2017) showed that the increase in
neutrophils and macrophages migration after BPA exposure, a toxicant and
environmental contaminant, was associated to tissue changes during epididymal
development in peripubertal rats. By the same way, the current study showed that the
alterations in epididymal epithelium after both malathion treatments may be related to
inflammatory response. On the other hand, although the lower dose of malathion was
capable to induce abnormalities in the epididymis caput, it did not increase the
neutrophils and macrophages cells, as showed by MPO and NAG analysis. It
suggests that the lower dose was less antigenic.

In addition to abnormalities found in epididymis, we found that malathion
treatment (50 mg kg * b.w.) lead to a tissue remodeling. Study of Ogo et al. (2017)
correlates once again the inflammatory cells migration with the tissue remodeling, an

event also observed in the present study. Thus, the malathion at higher dose altered
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the inflammatory profile in the epididymis which reflect to the altered epididymal
morphology.

Although IL-18 and IL-6 are considered pro-inflammatory cytokines in systemic
level, the present study showed a decrease in IL-13 levels in caput epididymis after
both malathion treatments and in IL-6 level after M10 treatment. In this context, there
is an enzyme, indoleamine 2,3-dioxygenase (IDO), highly expressed in caput
epididymis by principal and apical cells (Britan et al., 2006).The absence of IDO
leads to the higher expression of pro-inflammatory cytokines and Idol” deficient
mice showed a decrease in white blood cells in epididymal fluid (Jrad-Lamine et al.,
2011). From this, the IDO is perhaps highly expressed in the present study as noted
by the lower expression of IL-1B and IL-6 at the lower dose, and the increase in
leucocytes in caput epididymis.

The decrease in IL-6 level in caput epididymis in M10 group may be
associated with the increase in immobile sperm after the same treatment. Lampiao
and du Plessis (2008) showed that IL-6 or TNF-a reduced progressive motility. These
authors suggest that this sperm parameter reacts in a dose- and time-dependent
manner of cytokines. The differences in exposure time and action pathway of
malathion may characterize a different immune response in epididymis, which
reflects the different associations between IL-6 and sperm motility.

Furthermore, it was reported that IL-6 and IL-1B exert a fundamental role in
spermatogenesis, but the role of these cytokines in epididymis remain unclear
(Hedger, 2011). In this sense, there are some epididymal proteins belonging to
defensin-like family as binlb (Yamaguchi and Ouchi, 2012) suggested to be involved
in the regulation of inflammatory response in epididymis (Fei et al.,, 2012). Study

showed that the expression of IL-1B was decreased in animals overexpressing
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mBinlb (Fei et al., 2012). Thus, a possible mechanism to decrease on IL-13 may be
the overexpression of Binlb in defense to malathion damage.

The toxicity after high doses of Malathion is often caused by generation of lipid
peroxidation in epididymis which can lead to tissue damage (Selmi et al., 2015;
Slimen et al.,, 2014). In contrast, the present study showed that low doses of
malathion were not capable to induce lipid peroxidation. It is well known that oxidative
stress conditions trigger endogenous antioxidants aiming the oxidative balance
(Checconi et al., 2015). In this context, the IDO is a potent antioxidant scavenger
which may be overexpressed, inhibiting the generation of free radicals and the
consequent lipid peroxidation (Christen et al., 1990).

In the present study, the unchanged of the epididymal weight, sperm count
and sperm transit in epididymis may be associated. However, studies exposing
animals to higher doses of malathion than the present study showed reduction in
sperm count in epididymis. Selmi et al. (2015) showed a reduction in sperm count per
gram of epididymis after malathion exposure (200 mg/kg b.w., PND 21) for 30 days.
Espinoza-Navarro and Bustos-Obregén (2014) also showed decrease in sperm count
in epididymis in adult rats treated with 170 mg/kg b.w. for 13 days. Thus, it is possible
to conclude that the different effects of malathion between our data and previous

study are dose-dependent.

5. Conclusion

The results of the present study showed that exposure to low doses of
malathion during juvenile and peripubertal periods was critical to epididymal
development. In a higher dose, these alterations occur through increased neutrophil

and macrophage migration and remodeling of epididymal tissue. Furthermore, the
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alterations of immune system in epididymal environment are presented as the new

findings about malathion action on epididymis.
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Legend of figures

Figure 1. Histopathological analysis of caput and cauda epididymis.
Photomicrograph of caput (A — D) and cauda (E — G) epididymis sections from
control (A and E), M10 (B and F) and M50 (C, D and G) groups. A, E, F and G:
epithelium, lumen and stroma with normal aspect. B, C and D: presence of vacuoles
in the epithelium (asterisk), multi-nucleated (arrow) and round cells (head of arrow) in
the lumen. L, lumen; Ep, epithelium; S, strom. Hematoxylin and eosin stain.

Figure 2. Inflammatory profile of epididymis.

Number de neutrophils (A and C) and macrophages (B and D) in caput (A and B) or
cauda (C and D) epididymis. Data are the mean = S.E.M. *p < 0.05; **p < 0.01 in
relation to control group. One-way ANOVA test, with the post hoc Dunnett’s test. M10
- rats treated with 10 mg kg-1 malathion; M50 - rats treated with 50 mg kg-1
malathion; MPO - myeloperoxidase; NAG - N-acetyl-B-glucosaminidase.

Figure 3. Cytokine levels in the epididymis

Caput (A, C, E, and G) and cauda (B, D, F and H) epididymis from control and
malathion-treated rats. (A, B) TNF-a; (C, D) IL-1B; (E, F) IL-6 and (G, H) IL-10. Data
are the mean + S.E.M. *p < 0.05 in relation to control group. One-way ANOVA test,
with the post hoc Dunnett’s test. M10 - rats treated with 10 mg kg-1 malathion; M50 -
rats treated with 50 mg kg-1 malathion.

Figure 4. Chemiluminescence induced by tert-butyl hydro peroxide on
epididymis

Caput (A) and cauda (B) epididymis. Values expressed as the mean = S.E.M.. p >
0.05. One-way ANOVA test. M10 - rats treated with 10 mg kg-1 malathion; M50 - rats
treated with 50 mg kg-1 malathion; AUC - area under curve.
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Legend of tables

Table 1

Epididymal weight, sperm motility, sperm count and transit time in epididymis.
Values expressed as mean + S.E.M. One-way ANOVA test with a posteriori Dunnet’s
test. *p<0.05. Asterisks indicates groups that differ statistically from control group.
M10 - rats treated with 10 mg kg? malathion; M50 - rats treated with 50 mg kg*

malathion

Table 2

Epididymal stereological analysis

Values expressed as mean + S.E.M. One-way ANOVA test with a posteriori Dunnet’s
test. *p<0.05. Asterisks indicates groups that differ statistically from control group.
M10 - rats treated with 10 mg kg' malathion; M50 - rats treated with 50 mg kg

malathion
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Table 1. Epididymal weight, sperm motility, sperm count and transit time in

epididymis.

Experimental groups
Parameters Control M10 M50
Epididymal weight (g) 0.31+0.02 0.29+0.01 0.26+0.02

Sperm motility (%)

Mobile spermatozoa 71.50+2.31 57.38+£4.93* 65.70 + 3.00

Immobile spermatozoa 28.50+2.31 42.60 +£4.93* 39.10 + 3.00

Caput and corpus

epididymis

Sperm number (106) 4450 £5.74 40.70£3.81 34.60 + 3.18
Sperm transit time 2.60+0.42 2.60 £ 0.22 2.50+0.19
(days)

Cauda epididymis

Sperm number (106) 22.20+4.16 16.30+1.90 14.90 + 1.27
Sperm transit time 1.00+0.24 1.10+£0.20 1.10+£0.10
(days)

Values expressed as mean + S.E.M. One-way ANOVA test with a posteriori Dunnet’s
test. *p<0.05. Asterisks indicates groups that differ statistically from control group.
M10 - rats treated with 10 mg kg malathion; M50 - rats treated with 50 mg kg*

malathion
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Experimental groups

Control M10 M50
Epididymal caput
(2A region) (%)
Epithelial 36.3+0.94 35.7+1.17 37.8+0.87
Lumen 41.8 £1.58 35.3+211 31.2+1.17
Stroma 21.7 +0.97 289+1.74 30.9 £ 1.16*
Epididymal cauda
(5A/B region) (%)
Epithelial 20.8 +0.77 24.4 +0.78 23.4+1.09
Lumen 58.3+1.36 56.6 +1.12 51.9 + 1.42*
Stroma 20.8+1.26 19.0+0.95 24.6 +1.48

Values expressed as mean + S.E.M. One-way ANOVA test with a posteriori Dunnet’s

test. *p<0.05. Asterisks indicates groups that differ statistically from control group.
M10 - rats treated with 10 mg kg' malathion; M50 - rats treated with 50 mg kg

malathion
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Figure 1. Histopathological analysis of caput and cauda epididymis.
Photomicrograph of caput (A — D) and cauda (E — G) epididymis sections from
control (A and E), M10 (B and F) and M50 (C, D and G) groups. A, E, F and G:
epithelium, lumen and stroma with normal aspect. B, C and D: presence of vacuoles
in the epithelium (asterisk), multi-nucleated (arrow) and round cells (head of arrow) in
the lumen. L, lumen; Ep, epithelium; S, strom. Hematoxylin and eosin stain.
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Figure 2. Inflammatory profile of epididymis. Number de neutrophils (A and C)
and macrophages (B and D) in caput (A and B) or cauda (C and D) epididymis. Data
are the mean + S.E.M. *p < 0.05; **p < 0.01 in relation to control group. One-way
ANOVA test, with the post hoc Dunnett’s test. M10 - rats treated with 10 mg kg-1
malathion; M50 - rats treated with 50 mg kg-1 malathion; MPO - myeloperoxidase;
NAG - N-acetyl-B-glucosaminidase.
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Figure 3. Cytokine levels in the epididymis. Caput (A, C, E, and G) and cauda (B,
D, F and H) epididymis from control and malathion-treated rats. (A, B) TNF-a; (C, D)
IL-1B8; (E, F) IL-6 and (G, H) IL-10. Data are the mean + S.E.M. *p < 0.05 in relation
to control group. One-way ANOVA test, with the post hoc Dunnett’s test. M10 - rats
treated with 10 mg kg-1 malathion; M50 - rats treated with 50 mg kg-1 malathion.
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Figure 4. Chemiluminescence induced by tert-butyl hydro peroxide on
epididymis. Caput (A) and cauda (B) epididymis. Values expressed as the mean +
S.E.M.. p > 0.05. One-way ANOVA test. M10 - rats treated with 10 mg kg-1
malathion; M50 - rats treated with 50 mg kg-1 malathion; AUC - area under curve.
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6 CONSIDERACOES FINAIS

O presente estudo abordou um novo delineamento experimental o qual reflete
a atual situacdo ambiental no qual juvenis e adolescentes estdo expostos ao
malation numa situacdo de combate ao mosquito Aedes aegypt; vetor das doencas
causadas pelos virus zyka, dengue, chikungunya e, mais recentemente, febre
amarela. Vale ressaltar que ambas as doses séo consideradas muito baixas em
relacdo a DL50, NOAEL e a literatura.

Nestas condi¢cbes experimentais, conclui-se que a exposi¢cdo a baixas doses
de malation durante os periodos juvenil e peripuberal apresentou toxicidade para o
desenvolvimento pés-natal do sistema genital masculino, observado através dos
parametros avaliados nos testiculos e epididimos. O testiculo se mostrou mais
susceptivel as alteracbes morfolégicas devido a toxicidade apresentada pelo

inseticida malation via estresse oxidativo, enquanto que o epididimo foi mais

susceptivel a alteracdes de perfil inflamatorio.
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ANEXO A

Aprovacéao de Projeto pelo Comité de Etica (CEUA-UEL)

Universidade
Esiadual de Londrina

COMISSAO DE ETICA NO USO DE ANIMAIS
OF. CIRC. CEUA N° 137/2016 3 Londrina, 13 de Julho de 2016.
Prezada Pesquisadora,

Certificamos que o projeto intitulado "Avaliagéo dos efeitos do inseticida Malation sobre
o desenvolvimento do sistema genital masculino, gastrointestinal e renal de ratos desde o
periodo juvenil até a puberdade", protocolo CEUA n° 12305.2016.65, sob a responsabilidade de
Glaura Scantamburlo Alves Fernandes, que envolve a producdo, manutengdo efou utilizacio de
animais pertencentes ao filo Chordata, subfilo Vertebrata (exceto o homem), para fins de pesquisa
cientifica (ou ensino), encontra-se de acordo com os preceitos da Lei n® 11.794, de 8 de outubro de
2008, do Decreto n°® 6.899, de 15 de julho de 2009, e com as normas editadas pelo Conselho
Nacional de Controle da Experimentagao Animal (CONCEA), foi aprovado pela Comiss&o de Etica no
Uso de Animais da Universidade Estadual de Londrina (CEUA/UEL), em reunido realizada em
05/07/2016.

O objetivo do projeto é avaliar se a exposi¢do ao Malation durante o periodo peripuberal
podera trazer prejuizos para o desenvolvimento dos sistemas genital masculino, gastrointestinal, renal
e hepético de ratos. Os animais seréo distribuidos casualmente em trés grupos experimentais (n=25
animais/grupo). Dois grupos de animais ser&o tratados com Malation nas doses de 10 mg/Kg ou 50
mg/Kg de peso corpéreo via gavage. Essas doses correspondem a 0,5% e 2,5%, respectivamente, da
DL50 oral para ratos (DL50 oral =2000 mg/kg) (U S EPA, 2000). O outro grupo (grupo controle)
recebera apenas o veiculo (6leo de soja) em igual volume. No 80° dia experimental os ratos serdo
anestesiados com a associacdo de xilazina e quetamina e mortos por pungéo cardiaca para a coleta
do sangue em tubo heparinizado (hepararina sodica) para dosagens hormonais. Gl 1

Vigéncia do Projeto 30/08/2016 a 30/08/2019

Espécie/linhagem Rato heterogénico / Wistar

N° de animais 75

Peso/ldade Indeterminado / 22 dias

Sexo Machos

Origem - Biotério Central / UEL _

Amostras a serem coletadas Testiculos, epididimos, vesicula seminal, prostata, sangue,
figado, estdmago, rim, intestino, fémur

Cumpre orientar que caso pretendam-se quaisquer alteragdes no protocolo experimental
aprovado, deve-se submeter o novo protocolo & apreciagdo da CEUA/UEL anteriormente & execucio
das modificagoes.

Coloco-me a disposicdo para quai
mais para o momento, subscrevo, cordialmg

squer esclarecimentos que se fizerem necessaria. Sem

I

-

(;' Joso Waine Pinhairo
Vice-Coordenador da CEUA/UEL

lima. Sra. f

Profa. Dra. Glaura Scantamburlo Alves Fernandes

Coordenadora do Projeto

Departamento de Biologia Geral / Centro de Ciéncias Bioldgicas

Com copia Waldiceu A. Verri Junior (Coord. do Biotério Central/lUEL); Chefe do Departamento de Biologia Geral
e Diretor(a) do Centro de Ciéncias Biologicas

Campus Universitirio: Rodovia Celis Garcia Cid (PR 445), km 350 - Foae (043) 33716000 PABX - Fax 33284440 - Caixa Postal 10011 « CEP S6057.970 — laterwet hetp-Uwww.uelbe
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ANEXO B

Guide for Authors

Toxicology:

https://www.elsevier.com/journals/toxicology/0300-483x/guide-for-authors

Toxicology Letters:

https://www.elsevier.com/journals/toxicology-letters/0378-4274/guide-for-authors





